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I SUMMARY 
This report describes a study on lunar soil mechanics 
conducted at the Massachusetts Institute of Technology 
during 1966-1967. This report has three objectives: 
I 
I 
1. to identify those problems involved in lunar explora- 
tion that requ'jre soil mechanics for their solution 
2. to identify the parameters and analytical techniques 




3 .  to propose a lunar soil mechanics research program 
that will contribute to the solution of the lunar 
soil engineering problems. 
The report concludes that research should be initiated to 
develop techniques for measuring soil properties both in situ and 
on returned samples. The ultimate goal of the proposed lunar 
soils research program would be to develop the ability to measure 
photometric, photographic, and temperature analysis. 
I soil mechanics parameters by remote techniques, such as radar, 
Another major conclusion of the report is that the research 
to date in lunar soil mechanics has received inadequate coordina- 
tiai and has lacked d i r e c t i o n .  To correct this situation, it is 
recommended that NASA initiate an Integrated Soils Research Pro- 
gram. This program should be directed by an in-house department 
in order to interface the research effort effectively and effi- 
ciently with other lunar programs. 
I 
As a further outgrowth of this study, the Department of Civil 
Engineering at M.I.T. has selected three topics from the spectrum 
of needed lunar soils research, and is preparing proposals to 
NASA. These topics are: 
1) 
2) measurement of in situ density of lunar soils 
3 )  measurement of strength and compressibility of a re- 
These topics seem to be important first steps in a lunar soils 
measurement of in situ strength and compressibility of 
lunar soils 
turned lunar soil sample. 
research program. In addition they are within the capability and 
interests of the Department of Civil Engineering faculty. 
i 
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4 CHAPTER 1 
INTRODUCTION 
This report describes a study on lunar soil mechanics 
conducted at the Massachusetts Institute of Technology during 
1966-1967. The study was supported by a grant, made through 
the M.I.T. Center for Space Research, from the Lunar Mission 
-
\ 
S'.- cudies, Advanced Manned Missions Program of NASA Headquarters. 
_ -  - -.. 
The NASA Technical Monitor for the research was Mr. Jerald M. 
Goldberg and the Alternate Technical Contact was Dr. Nicholas 
C. Costes, Research Projects Laboratory, MSFC. 
- --- - 
/- - 
Mr. W, David Carrier, I11 and Mr. David J. D'Appolonia, 
Research Assistants in Civil Engineering, spent most of the 
academic year 1966-1967 reviewing relevant documents on lunar 
exploration, making soil engineering analyses, and reporting 
the results of their investigations. Dr. R. Torrence Martin, 
Research Associate in Civil Engineering, and Dr. Leslie G. 
Bromwell, Assistant Professor of Civil Engineering, partici- 
pated in discussions of the work as it progressed and advised 
on the preparation of the report. The research was done under 
the supervision of Dr. T. Willam Lambe, Professor of Civil 
Engineering and Head of the Soil Mechanics Division. 
The assistance of Mr. Goldberg and Dr. Costes in obtaining 
technical information was most helpful. Thanks are due 
Mr. Lawrence E. Beckley, Associate Director of the M.I.T. 
Center for Space Research, for assisting so well in the ad- 
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m i n i s t r a t i o n  of t h e  p r o j e c t .  
The main i n t e n t  of t h i s  r e p o r t  i s  t o  d e l i n e a t e  t h e  
I 
I 
c o n t r i b u t i o n s  t h a t  s o i l  engineer ing  can make i n  l u n a r  ex- 1 
p l o r a t i o n  and t o  i n d i c a t e  t he  r e sea rch  needed t o  cope wi th  
l u n a r  soil engineer ing  problems. Consequently, t h e  r e p o r t  
has  a t h r e e f o l d  purpose: 
I 
1) t o  i d e n t i f y  t h o s e  problems t h a t  r e q u i r e  s o i l  
mechanics f o r  t h e i r  s o l u t i o n  
2 )  t o  i d e n t i f y  t h e  parameters and a n a l y t i c a l  tech-  
n iques  needed t o  solve t h e s e  problems 
3 )  t o  propose a l u n a r  s o i l  mechanics research pro- 
gram t h a t  w i l l  c o n t r i b u t e  t o  t h e  s o l u t i o n  of t h e  
s o i l  eng inee r ing  problems. 
The d i v e r s e  s i t u a t i o n s  involv ing  s o i l  mechanics must be 
th rough ly  eva lua ted  i n  o r d e r  t o  design l u n a r  miss ions  and 
hardware t o  m e e t  performance requirements  w i th  m i n i m u m  r i s k  
t o  human l i f e  and equipment. S i n c e  many of t h e  problems 
LUQL w i i i  occur  i n  the l u n a r  e x p l o r a t i o n  program do n o t  have 
a t e r res t r ia l  c o u n t e r p a r t ,  t h e  development of a n a l y t i c a l  and 
s o i l  t e s t i n g  c a p a b i l i t i e s  s p e c i f i c a l l y  f o r  l u n a r  problems i s  
impera t ive .  
LL - J 
The r e s e a r c h  program proposed h e r e i n  i s  d i r e c t e d  toward 
a c h i e v i n g  t h e  c a p a b i l i t y  f o r  p r e d i c t i n g  s i t e  performance by 
remote measurements. The development of t h e s e  c a p a b i l i t i e s  
must be coord ina ted  wi th  and i n t e r a c t  w i t h  other  phases  of t h e  
l u n a r  e x p l o r a t i o n  program. A l s o ,  it i s  shown t h a t  t h e  proposed 
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. 
r e s e a r c h  w i l l  r e q u i r e  t h e  concerted e f f o r t  of many i n v e s t i g a -  
t o r s  over  a pe r iod  of several years .  Therefore ,  it i s  recom- 
mended t h a t  NASA i n i t i a t e  an  I n t e g r a t e d  S o i l  Mechanics Research 
Program. This  program should be d i r e c t e d  by an in-house 
department i n  order t o  i n t e r f a c e  t h e  r e s e a r c h  e f f o r t  e f f e c t i v e l y  
and e f f i c i e n t l y  w i t h  o t h e r  l u n a r  programs. The envisaged NASA 
S o i l  Mechanics Department would be r e s p o n s i b l e  f o r  coord ina t ing  
l u n a r  s o i l  mechanics r e sea rch .  I t  would award r e s e a r c h  c o n t r a c t s  
and g r a n t s  and, i n  a d d i t i o n ,  conduct an in-house r e s e a r c h  e f f o r t .  
- 3- 
CHAPTER 2 
SOIL MECHANICS CONSIDERATIONS IN THE 
LUNAR EXPLORATION PROGRAM 
I The soil mechanics problems involved in lunar explora- 
tion fall into two general categories: stability problems 
and mobility problems. Stability problems include: support 
of structures on the lunar surface, dynamic bearing capacity 
f o r  snacecraft r landinq, stability and settlement cf lunar 
modules, soil and vehicle modifications, and slope stability 
(both natural and man-made). 
ability of a vehicle to move about on the surface of the moon. 
Such problems require analysis of traction and sinkage, abili- 
ty to overcome obstacles, and overall vehicle surface stabili- 
ty. Associated with these analytical problems are the field 
problems of running in situ tests and obtaining samples for 
lab testing. 
Mobility problems deal with the 
It should be emphasized that the lunar surface is not 
likely to be homogeneous from a soil mechanics point of view. 
Terrestrial experience has frequently shown a large variability 
in what appear to be homogeneous soil deposits. Considering 
the lack 0.’ detailed knowledge of the lunar surface and the 
hostile lunar environment, soil mechanics problems should be 
expected at every lunar site. 
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2.1 NECESSITY OF SOIL MECHANICS PREDICTIONS 
The consequences of poor or overconservative soil 
engineering predictions can be ominous in terms of life, 
time, equipment, and money. Experiences of catastrophic 
failures on earth have indicated that careful investiga- 
tions should be made even in apparently predictable situa- 
tions. Moreover, even if human life and equipment are not 
imperiled, t h e  savings i f i  hardware costs that will result- if 
good predictions of lunar soil properties are available should 
far exceed the research costs. 
Soil mechanics problems are much less amenable to precise 
theoretical solutions than those of many other disciplines and 
therefore require a large amount of prototype testing and 
statistical analysis. For a number of reasons, soil engineering 
designs frequently rely on judgment and experience. By and 
large, terrestrial soil deposits are highly heterogeneous and 
there are no simple techniques, other than extensive sampling, 
for determing the extent of heterogeneity. Minor soil varia- 
tions can exert a major influence on foundation behavior. Even 
the behavior of ideal homogeneous soil deposits is complex and 
not well understood. As a consequence, analytical techniques 
for solving soil problems usually involve gross simplifications 
of the actual soil behavior. 
Most often, theoretical prediction techniques either 
depend on empirically measured parameters, ,or they are validated 
empirically before being recommended for general use. Empirical 
validation is accomplished only after a painstaking trial and 
error process which involves prediction, field measurements to 
check the predictions, and modification of prediction techniques 
to fit the field data. 
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Since the effect of the lunar environment on empirical 
terrestrial correlations cannot be assessed precisely in the 
absence of prototype lunar tests, terrestrial soil engineer- 
ing methods cannot be applied indiscriminately. 
due to unavoidable uncertainties concerning soil heterogeneity, 
soil behavior, and the validity of present analytical techniques, 
comprehensive studies of possible failure modes and soil inade- 
quacies should be made where the consequences of failure are 
substantial. It should be added that lunar soil mechanics 
correlations will evolve, just as they have on earth; the 
point is that it is impossible to assume terrestrial correla- 
tions will be valid on the moon. 
Therefore, 
The degree of precision with which soil mechanics predic- 
tions are made should be consistent with hardware design limita- 
tions. That is, it is unnecessary to develop the capability of 
predicting settlement to the nearest inch for the first manned 
lunar landing if many inches of settlement can be tolerated. 
However, increased prediction reliability eliminates the need 
for overconservative designs. A simpler, more functional and 
possibly less expensive landing gear could be designed for the 
Early Apollo flights if it were possible to predict with, for 
example, 99.9% certainty that the sinkage of the LM will be 
less than 10 inches. Of course, the cost of acquiring suffi- 
cient information to make such a prediction may be many times 
greater than the savings realized in landing gear design. Thus, 
to obtain the most efficient use of soil mechanics, the level 
of knowledge required for accurate prediction capabilities must 
be optimized with respect to mission requirements and other 
design limitations. However, a basic understanding of the be- 
havior of lunar soils is necessary before design trade-offs can 
be made. 
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2.2 SOIL MECHANICS PROBLEMS 
2.2.1 Foundations 
During the entire duration of the lunar exploration 
program, foundation problems will be encountered each time 
that a Lunar Module lands on the moon. The soil engineering 
objective with regard to foundations is to predict the amount 
of movement that foundations will experience under given load- 
ing conditions. Once this is accomplished, foundations can 
be designed to prevent tilting or sinkage sufficient to impair 
the performance of the structure. The accuracy required for 
predicting movements is necessarily a function of the design 
constraints of the landed module. 
As an example, if we consider the lunar soil to be elastic, 
the settlement of one LM footpad equals 0.0117 x P/E, where 
P = load in pounds on one leg and E = modulus of elasticity 
of soil in pounds per square inch, If the settlement must be 
less than 10 inches, then E must be greater than or equal to 
1.2 x P; if less than one inch, then E greater than or 
equal to 1.2 x P. Thus, the required accuracy of E 
depends on both the allowable settlement and the applied 
loads; i.e., the accuracy is a function of the design con- 
straints. 
Large allowances for sinking and tilting of the LM on 
the initial lunar missions are a result of major uncertainties 
concerning the physical properties and behavior of the landing 
sites. With a better understanding of the engineering proper- 
ties of the lunar surface and an increased capability for pre- 
dicting the properties of a specific landing site, the number 
of foundation design variables can be reduced or more precisely 
specified. Having a more accurate estimate of the factor of 
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safety will permit operations at sites that would be rejected 
without this knowledge, or conversely, such information may 
eliminate certain sites. Furthermore, future facilities will 
benefit from the more accurate designs that will be possible. 
The foundation requirements imposed on lunar missions 
will be diverse. For the initial manned landing the toler- 
ances of seven degrees maximum tilting from the local vertical 
and 4 4  inches of total sinkage have been established for the 
LM. Such requirements will undoubtedly become more stringent 
for LM shelters, laboratories, and observatories. Although 
time-dependent movements are of secondary importance to the 
first manned landings, they will be particularly undesirable 
for lunar observatories and laboratories where complex equip- 
ment must remain in a fixed position for long periods of time. 





moon using essentially the same procedure. In order to properly 
design the LM suspension system, landing gear and footpads, it 
is essential to predict the lunar soil response to dynamic load- 
ing. Thus, landing dynamics analysis requires the prediction 
of soil-LM in te rac t ion  dcriq touchdown, as vel: as dynXKic. 
bearing capacity, settlement, and potential rocket exhaust 
erosion problems. 
The static bearing capacity of the lunar surface is the 
maximum bearing stress that can be applied without causing a 
shear failure of the supporting soil, which would result in 
gross movements of the LM. Bearing capacity is not an intrinsic 
soil property; it is a function of loading geometry as well as 
soil strength. In terrestrial experiments on sands, the static 
and dynamic bearing capacity have been found to be essentially 
equal until the failing mass is accelerated to about 10 g or more 
-8- 
2 (g=980 cm/sec 1 .  The greater the acceleration, the greater 
the dynamic bearing capacity. In addition, the static soil 
strength may decrease due to disturbance during landing and/or 
contamination by rocket exhaust. The bearing capacity on a 
sloping surface will also be less than the bearing capacity on 
a horizontal surface, assuming all other factors are equal. 
Initial settlement will occur even if a bearing capacity 
failure does not occur. Soil disturbance and contamination 
may also result in increased deformations of lunar soil during 
and after landing, which together with soil consolidation may 
cause significant time-dependent total settlements and differ- 
ential settlements. (Settlement is divided into three compo- 
nents: initial settlement, primary consolidation, and secondary 
consolidation). 
Since it will not be possible to land a module precisely 
on a predetermined position, it may be necessary or desirable to 
stabilize the foundation soil or modify the LM facftity after 
landing to prevent loss of the vehicle or detrimental movements. 
At this time, there is no way of quantitatively evaluating 
;E A p o l l ~  s i t e  -Y;-- t n  1 3 n A i n r r  i i n l n c c  a C ~ i r ~ ~ n y ~ p -  probe xc  cen t  P L l V L  L" r u l r u r r r y  U A I - L b Y "  u YUL 1 - 
ahead. Even then there are problems, since the Surveyor may 
land some distance away from the Apollo site. It 1s thus 
economically justifiable to be over-conservative on the early 
missions. On the other hand, we have no way of determining how 
over-conservative a design really is; even after successful 
landing, time-dependent phenomena may cause a catastrophe, such 
as gross failure or excessive differential settlement. 
Thus, a thorough site evaluation should be conducted after 
landing to insure against unexpected developments. This evalua- 
tion might consist of placement of surface instruments to warn 
-9- 
of movements of surrounding soil, as well as instruments on 
the vehicle to warn of excessive settlement or impending in- 
stability. If the site evaluation indicates that it is nec- 
essary, site improvement may be carried out by modifying the 
facility and/or the soil. Facility modifications might be 
accomplished by establishing anchor lines; soil improvements 
by the injection of a solidifying gel. This type of site 
evaluation is actually a crude in situ test and thus will aid 
in designing future missions . 
Seismic activity on the moon, if it exists, will also 
affect foundation design. It is not clear yet whether Moon- 
quakes are occuring, but the Orbiter photographs indicate that 
definite downslope movements of the surface material have 
occurred. Whether from internal or external sources, the effect 
of seismic vibrations on the strength and deformability of the 
bearing soil must be considered in foundation design. 
2.2.2 Mobility 
Vehicle mobility is more difficult to predict accurately 
than foundation stability, because the theoretical parameters 
of the mobility equation are not well defined and rely to a 
large extent on empirical correlations. Moreover, lunar s o i l  
properties and behavior must be evaluated over the entire 
traverse route for mobility problems rather than only at 
specific sites as with foundation problems. Analysis of long- 
range vehicles (such as MOBEX) must be more comprehensive than 
that of LSSM-type vehicles, not only because the LSSM operators 
will have walkback capabilities, hu; a lso  because the long- 
range vehicles will encounter far greater variations in terrain. 
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As with foundations, mobility problems involve an analysis 
of the shear strength and compressibility of the lunar surface. 
Mobility problems differ from foundation problems in that the 
load applied by the vehicle is transient. Thus, vehicle mobili- 
ty is dependent on the complex interaction among frictional, 
cohesive, and inertial forces in the soil benezth the wheels; 
and the mass, inertia, and geometry of the vehicle. 
required to shear the soil under the vehicle footprint and the 
rolling resistance due to soil sinkage. Quantization of these 
variables for te-rrestrial mobility problems is empirical and 
often unsatisfactory. The influence of the extreme lunar en- 
vironment on the semiempirical formulation of the wheel traction 
equation is not known precisely, but as pointed out in Appendix 
B, it is an over-simplification to assume that these semi-empiri- 
cal relations will hold for the lunar surface. 
Another consideration in the design of lunar roving vehicles 
The net traction of the vehicle is a function of the force 
is the ability of the vehicle to negotiate small obstacles not 
requiring circumnavigation. An analysis of this ability is im- 
addition to specifying mobility constraints on unnavigable 
terrains. For ?his purpose, analyses must also be performed to 
determine the overall stability of the roving vehicle on slopes. 
por tan t  fo r  assessing t h e  pzwer requ i remen ts  c.f the vehicle in 
2 . 2 . 3  Slope Stability 
Slope stability problems involve both natural slopes and 
man-made slopes. Natural slopes will be of greater concern in 
the early phases of lunar exploration. Among the situations 
that must be analyzed are stability during spacecraft landing 
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and launch, and stability during astronaut and/or vehicle 
traverses. As was mentioned in Section 2 . 1 ,  slope stability 
problems are among the most difficult problems in soil engineer- 
ing. This is a case where large factors of safety will be 
necessary until more information regarding the actual soil con- 
ditions is available. 
Problems with man-made slopes occur during excavations, 
embankmer?t construction, instrument emplacement, etc. In 
later stages of the lunar exploration program, cut and fill 
operations may be very important for underground construction, 
using the lunar soil as a shield against radiation and meteorites. 
i 2 . 3  SOIL MECHANICS PREDICTION TECHNIQUES 
Natural earth soils are non-homogeneous, anisotropic, highly 
non-linear, inelastic, and time-dependent. Moduli and strength 
parameters are depepdent upon stress system as well as stress 
level and can be established only for particular loading condi- 
tions. For these reasons, no generalized stress-strain law has 
been developed f o r  terrestrial soils and, therefore, an inte- 
grated, straightforward, theoretical solution to soil mechanics 
problems does not exist. 
I 
I 
Essential steps in the solution of soil engineering problems 
include: 1) predicting soil stresses prior to and after loading; 
2) securing representative, undisturbed soil samples; and 3 )  
measuring the soil's response when the predicted stresses are 
applied. When possible, in situ tests are conducted as a 















Two limiting types of analysis are used to study terres- 
trial soil deformation and stability. If the applied stresses 
are significantly less than the s o i l  strength, elastic theory 
is used to predict stresses. Laboratory soil specimens are sub- 
jected to the computed stresses and the resulting strains are 
measured. The measured strains are assigned to corresponding 
soil elements in the ground and integrated to obtain the total 
deformation. When the applied stresses approach the soil strength, 
limiting equilibrium analysis is employed. This analysis assumes 
that plastic zones in the soil are continuous and constitute a 
failure surface. A free body is considered to be bounded by the 
failure surface and the ground surface; sufficient assumptions 
are made to render the stresses acting on the free body statically 
determinate and the shear stresses acting on the failure surface 
are computed. The shear strength of the soil is determined ex- 
perimentally. A factor of safety is computed as the ratio of 
the average shear strength of the soil to the average shear 
stress mobilized on the failure surface. 
In general, reasonably accurate predictions can be made of 
load and deformation for low applied stress levels and for pre- 
dictions of the ultimate load. Recently, improved techniques 
for predicting the load-deformation relationship between these 
two extremes have been developed using finite-element, elastic- 
plastic models. 
Analysis of soil dynamics problems follow similar proce- 
dures: 1) predict dynamic stresses and accelerations using 
elastic theory or limiting equilibrium, 2) subject laboratory 
samples to the computed stresses and accelerations and measure 
the response of the soil. 
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Examples of solutions for bearing capacity and settlement 
Mobility problems also directly involve the strength and 
problems are presented in Appendix C. 
deformability of the surface material. However, because of 
the substantial difficulties involved in predicting the com- 
plicated stress conditions under vehicle wheels, the problem 
has been approached using semi-empirical techniques. These 
technicpies do n o t  use fundamental soil properties; they are 
based on parameters established by correlations between an 
empirical soil test and trafficability. 
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CHAPTER 3 
LUNAR SOIL  MECHANICS RESEARCH 
The previous chapter outlined the basic soil engineering 
problems in lunar exploration: this section recommends a 
research program for investigating these problems. The objec- 
Live of the research program is the remote prediction of site 
performance for both foundation and mobility problems prior to 
astronaut landing. The proposed research is evolutionary in 
that, concurrent with the development of the capability to 
solve problems pertinent to the current phase of lunar explora- 
tion, the over-all research program systematically progresses 
toward the achievement of the long-range goal. 
The program is directed towards developing the best 
possible prediction capabilities for the currently highest 
priority soil engineering problems for a given amount of research 
effort. Determination of the priority for each soil situation 
is an iterative process which must be carried out by NASA. As 
an example, consider the mobility problem: first, very cmssrva-  
tive conditions are assumed for the lunar surface--say a lightly 
cohesive (c = 0.1 psi), highly porous soil ( $  = 10'); then an 
estimate is made of how much it would cost to build a vehicle 
to perform the required task. More than likely, the price tag 
is much too high. By assuming more favorable soil parameters, 
a new vehicle estimate is obtained that is much lower--but now 
an estimate must be made of the research cost required to be 
sure the parameters are at least as good as have been assumed. 
Hopefully, the sum of the two components is less than the cost 
for the most conservative design. 
-15- 
The i t e r a t i v e  p rocess  i s  repea ted  u n t i l  a minimum t o t a l  
cost  i s  reached; beyond t h i s  po in t ,  t h e  cost  of  t h e  r e q u i r e d  
d a t a  begins  t o  i n c r e a s e  fas te r  than t h e  cost o f  t h e  v e h i c l e  
decreases .  The optimum p o i n t  i s  n o t  n e c e s s a r i l y  t h e  minimum 
t o t a l  cost, however, s i n c e  t h e  cond i t ions  may n o t  a c t u a l l y  be 
as good as have been assumed f o r  t h e  des ign  invo lv ing  t h e  min- 
i m u m  cost .  I n  a d d i t i o n ,  the cost e s t i m a t e s  f o r  t h e  v e h i c l e  and 
t h e  s o i l  must c o n s i d e r  such f a c t n r s  as: a s t r o n a u t  s a f e t y ,  t i m e -  
de l ay  between r e t u r n  of d a t a  and completion of v e h i c l e ,  and 
sav ings  t h a t  w i l l  a cc rue  t o  o t h e r  a c t i v i t i e s  as a r e s u l t  of 
b e t t e r  s o i l  d a t a .  
Once t h e  optimum s o l u t i o n  i s  ob ta ined  f o r  each a c t i v i t y ,  
t h e  a c t i v i t i e s  can be cons idered  as a whole and an optimum 
s o i l s  research program can be developed t o  solve a g iven  set  
o f  problems a t  a n e a r l y  minimum c o s t .  A s  t h e  program evolves ,  
and more informat ion  becomes a v a i l a b l e ,  ear l ier  cost  estimates 
w i l l ,  o f  course ,  have t o  be  modified. 
The recommended research program has been d iv ided  i n t o  
t w o  c a t e g o r i e s :  1) development of c a p a b i l i t i e s  f o r  remote 
p r e d i c t i o n  of s o i l  p r o p e r t i e s  and behavior  of s p e c i f i c  sites; 
and 2) development of a n a l y t i c a l  t echniques  f o r  s o l v i n g  engineer-  
i n g  problems. Although knowledge i n  both  c a t e g o r i e s  is e s s e n t i a l  
f o r  p r e d i c t i n g  s i t e  performance, t h e  need t o  o b t a i n  a good 
unders tanding  of t h e  mechanical p r o p e r t i e s  of t h e  l u n a r  s u r f a c e  
f a r  exceeds t h e  need f o r  new t h e o r e t i c a l  research a t  t h e  p r e s e n t  
t i m e .  Thus, r e s e a r c h  d i r e c t e d  towards determining l u n a r  s u r f a c e  
p r o p e r t i e s  and behavior  h a s  t h e  h i g h e r  p r i o r i t y .  
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I 3.1 LUNAR SOIL PROPERTIES AND BEHAVIOR 
Research in three major areas is required to achieve 
the objective of being able to predict soil properties and 
behavior at various sites using remote measurements: 
I 
i 
1. Specific site studies - comprehensive lunar and 
earth testing program to determine the properties 
and behavior of the lunar surface material; 
2. Classification parameters - establish measurable 
parameters for comparing the soil at one lunar site 
with that at another site; 
3 .  Correlation techniques - develop techniques whereby 
classification parameters can be measured by remote 
methods. 
The first two areas are interrelated; by making detailed 
measurements at specific sites the basic material properties 
that distinguish soil behavior at one site from the behavior 
at another site can be isolated and expressed numerically. 
Tactile measurements made during the Apollo program could be 
used to establish correlations between classification para- 
meters and engineering behavior. Remote sensors could then be 
used to measure the classification parameters rather than the 
engineering properties. This approach is considered realistic, 
since remote techniques, such as radar, are related to para- 
meters such as material type, grain size distribution, and 
porosity rather than engineering properties, e.g., strength 
and de f ormabi li ty . 
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The accuracy with which indirect measurements can be 
used to predict engineering behavior cannot be estimated 
prior to the initiation of the research program. Therefore, 
the number of indirect predictions that must be validated 
by on-site observations is not known. If predictions by 
remote measuring techniques are not sufficiently accurate 
for all engineering situations, direct measurements of 
material properties and/or engineering behavior must be made. 
The suggested research program is developed in such a way 
that if predictions by remote measurements prove to be of 
limited use, the capability of making direct measurements 
will also have been developed. However, the overall program 
in its most general form must be initiated before sufficient 
information is available to establish trade-offs among 1) 
development of remote prediction capabilities, 2 )  tactile 
surface measurements, and 3) increased conservatism in hard- 
ware design. 
3.1.1 Specific Site Studies 
Specific site studies are required to obtain detailed 
information on soil behavior, whichhas direct engineering 
applications; and on soil technology, which has scientific 
applications as well as being useful in interpreting engineer- 
ing behavior. With regard to soil behavior, two general types 
of information are required: 1) in order to determine the 
engineering properties of lunar soil, it is necessary to 
conduct many strength and deformability tests on both recon- 
structed lunar samples that are returned to earth and on 
simulated lunar so i l s ;  29 sufficient data concerning the in 
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s i t u  s t a t e  of t h e  l u n a r  si r f a c e  m t e r i a l  must be c t a i n e d ;  t o  
determine both  s t r e n g t h  and de fo rmab i l i t y  of t h e  l u n a r  s u r f a c e  
material  d i r e c t l y ,  i n  s i t u  tes ts  on t h e  moon are needed. The 
i n  s i t u  l u n a r  tests can a l so  be  used t o  check t h e  v a l i d i t y  of 
p r e d i c t i o n s  based on ea r th  t e s t i n g  and e v e n t u a l l y  t o  check 
remote sens ing  da ta .  
S o i l  technology, t h e  s tudy  of t h e  physico-chemical proper-  
t ies  of s o i l s ,  in a d d i t i o r ~  t o  providing an understanding of 
t h e  mechanisms c o n t r o l l i n g  t h e  s t r e n g t h  o f  soi ls ,  i s  impor tan t  
i n  e s t a b l i s h i n g  t h e  c l a s s i f i c a t i o n  parameters  i n f l u e n c i n g  
s o i l  behavior .  
Required S o i l s  Data. The  s o l u t i o n  o f  deformation and 
s t a b i l i t y  problems involv ing  s o i l  r e q u i r e s  a knowledge of t h e  
s t r e n g t h  and s t r e s s - s t r a i n  behavior o f  t h e  so i l .  The numerical  
va lues  of t h e  parameters  t h a t  a r e  used i n  a s p e c i f i c  a n a l y s i s  
depend on a l a r g e  number o f  f a c t o r s .  I t  i s  u s u a l l y  imposs ib le  
t o  take  the  r e s u l t s  of a tes t  designed t o  approximate one set  
of c o n d i t i o n s  and apply them t o  o t h e r  d i f f e r e n t  s i t u a t i o n s  
d i r e c t l y .  That is, t o  g i v e  p r e c i s e  v a l u e s ,  l a b o r a t o r y  and 
f i e l d  tests must be designed t o  approximate t h e  specif ic  
c o n d i t i o n s  a p p l i c a b l e  t o  t h e  p a r t i c u l a r  engineer ing  problem 
a t  hand. 
However, i t  w i l l  be  p o s s i b l e  t o  o b t a i n  rough e s t i m a t e s  
o f  s o i l  parameters  by conducting ve ry  s imple tests on t h e  
moon (Surveyor and LM footpad  i d e n t a t i o n ,  t r ench ing ,  observa- 
t i o n  of a s t r o n a u t  f o o t p r i n t s ,  simple p e n e t r a t i o n  tests, e t c . ) .  
The computed s o i l  parameters  can t h e n  be used f o r  approximate 
a n a l y s e s  of bea r ing  capac i ty ,  t r a c t i o n ,  s e t t l e m e n t ,  and s l o p e  
s t a b i l i t y .  Some of t h e s e  simple tests have a l r e a d y  been run ,  
w i t h  va ry ing  degrees  of  success .  The Surveyors ,  fo r  i n s t a n c e s ,  
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have y i e l d e d  va lues  f o r  bea r ing  capac i ty  (see Appendix A ) .  
Unfortunately,  t h e  t h r e e  parameters involved i n  t h e  bea r ing  
capac i ty ;  namely, I$ ( f r i c t i o n  a n g l e ) ,  c ( c o h e s i o n ) ,  and y 
( u n i t  weight)  could n o t  be separa ted  from each o t h e r .  Thus, 
t o  e v a l u a t e  one parameter ,  it i s  necessary  t o  assume va lues  
f o r  t h e  o t h e r  t w o .  The r e s u l t s  d id  g i v e  a range of p o s s i b l e  
va lues ,  however. S i m i l a r l y ,  t h e  t r ench ing  experiment on 
Surveyor I11 provided some infcrmatfon r?n s l o p e  s t a b i l i t y .  
But aga in ,  t h e  t h r e e  parameters  9 ,  c,  and y could  n o t  be 
s e p a r a t e d  from each other .  
However, even if t h e  parameters could have been determined 
s e p a r a t e l y ,  they  could  n o t  be used i n d i s c r i m i n a t e l y .  For i n -  
s t a n c e ,  s o i l  eng inee r s  do no t  r u n  p l a t e  bea r ing  tests ( e .g . ,  
Surveyor footpad  s inkage)  f o r  a mob i l i t y  a n a l y s i s ;  c o r r e l a t i o n s  
do n o t  e x i s t  f o r  t ransforming  @ and c measured by t h e  former t o  
the parameters  used i n  t h e  l a t t e r .  That i s  n o t  t o  say  t h a t  such 
c o r r e l a t i o n s  cannot  be developed; b u t  t h e  c o s t  i s  l i k e l y  t o  be 
high.  When e s t i m a t i n g  t h e  c o s t  of  a probe,  it i s  necessary  t o  
c o n s i d e r  t h e  cost  of e v a l u a t i n g  t h e  d a t a  f o r  s i t u a t i o n s  o ther  
than  t h a t  fo r  which t h e  probe was s p e c i f i c a l l y  designed.  Also, 
depending on t h e  accuracy r equ i r ed  it may be necessary  t o  
es tab l i sh  t h e s e  c o r r e l a t i o n s  on t h e  l u n a r  s u r f a c e  r a t h e r  than  
depending on t e r r e s t r i a l  s imula t ion  a lone .  
A thorough r e s e a r c h  program must determine t h e  e f f e c t s  of 
t h e  fo l lowing  factors on t h e  s t r e n g t h  parameters  ( f r i c t i o n  and 
cohes ion)  and t h e  deformation parameters (Young's modulus and 
P o i s s o n ' s  r a t i o  and/or Compression Index) :  
A. Environmental F a c t o r s  
1. Temperature 




3.  Atmosphere ( inc lud ing  contaminat ion)  
4 .  T i m e  
5 .  Elec t r ica l  charges  
Material Factors 
1. Mineralogy 
2.  Par t ic le  s i z e ,  shape and d i s t r i b u t i o n  
3 .  Densi ty  




3 .  
4 .  
5 .  
6. 
7. 
8 .  
Stress Level  
Amount of s t r a i n  
Previous  stress h i s t o r y  
Rate of load ing  
O r i e n t a t i o n  of  s t r e s s e s  
Repeated loading  
Vib ra t ions  
Impact l oad ing  
Once t h i s  t y p e  of data  has bee:: obtainec! it w i l l  he p o s s i b l e  
t o  e v a l u a t e  n e a r l y  a l l  foundat ion and m o b i l i t y  problems invo lv ing  
s o i l  mechanics. Eventua l ly ,  once enough d a t a  i s  accumulated, it 
may be p o s s i b l e  t o  make geologic  i n f e r e n c e s  from s t r e s s - s t r a i n  
c h a r a c t e r i s t i c s ,  such as  maximum p a s t  overburden stress. 
S o i l  technology h e l p s  t o  expla in  s o i l  behavior  i n  fundamen- 
t a l  t e r m s  and t h e r e f o r e  i s  a va luable  a i d  t o  t h e  s o i l s  engineer .  
Because s o i l  technology i s  s c i e n t i f i c  i n  n a t u r e ,  many of t h e  
exper iments  mentioned h e r e  a r e  planned by o ther  groups,  and 
t h u s  a great  deal of coopera t ion  i s  p o s s i b l e .  The fol lowing 
t y p e s  of tes ts  have been suggested by approved experimenters  f o r  
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I t h e  f i rs t  samples: 
1. Elemental  and mine ra l  composition ( o p t i c a l ,  X-ray, 
2.  R a d i o a c t i v i t y  
3 .  Tex tu ra l  a n a l y s i s  
4 .  Densi ty  of i n d i v i d u a l  phases 
5. Impedance and d i e l e c t r i c  p r o p e r t i e s  
6.  R e f l e c t i v i t y  
7. P o r o s i t y  
8. Thermal behavior  
e l e c t r o n  microscope, e t c . )  
I n  a d d i t i o n ,  such factors  as g r a v i t y ,  m e t e o r i t e  impact,  
and shock metamorphism must be explored t o  determine t h e i r  
effect  on t h e  d e p o s i t i o n a l  or soi l - forming process .  These 
fac tors  a f f e c t  p a r t i c l e  s i z e ,  packing geometry, and p a r t i c l e  
t o  p a r t i c l e  c o n t a c t  f o r c e s .  Thus, t hey  a l s o  i n f l u e n c e  t h e  
eng inee r ing  p r o p e r t i e s .  S o i l  Technology, when a p p l i e d  t o  
terrestrial  s i t u a t i o n s ,  i s  a b l e  t o  i d e n t i f y  t h e  environment i n  
which c e r t a i n  s o i l  d e p o s i t s  were formed. S o i l  Technology may 
be able t o  accomplish the  s m e  t h ing  whm applied t o  l u n a r  
s o i l s ,  and t h u s  provide c l u e s  t o  t h e  o r i g i n  and h i s t o r y  of 
t h e  moon. 
A c q u i s i t i o n  of Material P r o p e r t i e s .  There are t h r e e  
regimes of t e s t i n g  t o  o b t a i n  t h e  r e q u i r e d  d a t a  fo r  u s e  i n  t h e  
s p e c i f i c  s i t e  s tudy  analyses:  i n  s i t u  tests:  ear th  based 
l a b o r a t o r y  tes ts ;  and l u n a r  based l a b o r a t o r y  tests.  I n  a l l  
t h r e e  areas, a s t r o n a u t  t r a i n i n g  i n  t h e  use of equipment and 
s e l e c t i o n  of samples w i l l  p l a y  an impor tan t  func t ion .  A s t r o -  
n a u t  t r a i n i n g  should c o n s i s t  of an i n t e g r a t e d  program of class- 
room, l a b o r a t o r y ,  and f i e l d  w o r k ,  
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In Situ Lunar Tests. There are a wide variety of in situ 
tests that can be performed on the moon. These include tests 
to measure surface properties and behavior directly, and 
prototype and model tests to verify engineering predictions 
and to establish correlations between the performance of 
structures and vehicles on the moon and lunar soils properties. 
The types of in situ tests that should be conducted include 
the following: 
1. Instrumented package landed on the surface 
2. Penetration probes 
3 .  Plate bearing and shear tests 
4 .  Density and structure tests 
5. Geophysical measurements 
6. Instrumentation of vehicles and of LM landing 
as s emb 1 y . 
The purpose of conducting in situ tests to determine 
strength and deformability is twofold: by performing a number 
and variety of in situ tests, the homogeneity of the surface 
r,atei-fal, L-LL 1 - c - ~ - l l  r.ri f h  ilanfh 
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and since earth-based tests will necessarily be performed on 
reconstructed samples, in situ measurements provide the only 
means for determining the validity of the earth-based tests. 
In order to reconstruct disturbed lunar samples on earth that 
have the same structure and density as the in situ material, 
it is necessary either to develop practical methods for 
measuring structure and density in situ, or to develop an 
undisturbed sampling device, or both. 
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It is essential to monitor and to evaluate the perfor- 
mance of all spacecraft landed on the moon, of all vehicles 
used on the moon, and of all structures built on the moon, 
in order to determine the reliability of engineering predic- 
tions and to assess the current design procedures. A program 
for measuring actual loads and movements should always be 
made a part of the design. 
Many experiments can be performed in conjunction with 
previously planned operations. In general, these experiments 
would consume minimal amounts of the astronaut's time. For 
example, the astronaut's walking staff could be modified to 
serve as a simple penetrometer. Photographs of astronaut 
footprints could be used to study the lateral homogeneity of 
the lunar surface; they also could be used with other data to 
estimate bearing capacity and settlement factors. (For example, 
a returned sample could be reconstituted to the density that 
yielded the same sinkage under a load corresponding to an 
astronaut's foot. The sample could then be tested to determine 
strength and deformability). Records of power input and rate 
of penetration of the lunar drill will provide indications of 
rigidity, strength and density as a function of depth. Photo- 
graphs of the LM footpads at several time intervals after touch- 
down can be used to establish the amount of settlement and the 
existence of time-dependent settlements. Many simple experi- 
ments could also be performed automatically during vehicle 
traverses. During individual excursions the astronauts may 
either run a test on an undisturbed sample during their stay 
on the surface (such as direct shear) or set up a test which 
will be run by remote control after the astronaut has departed. 
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For example, the astronauts might load an apparatus with ten 
carefully selected undisturbed samples. Then automatically 
or by remote control, the device could run a series of tests 
involving shear and compression. 
Any test that is considered on the moon must be automated 
and as simple to operate as possible; astronaut time would be 
far too costly otherwise. Much of the technology required 
for automating in situ terrestrial soil tests already exists 
and probably could be adapted and developed for lunar use. 
The entire area of in situ lunar testing deserves care- 
ful and considered attention. Soil mechanics predictions 
cannot be considered reliable until they are verified by in 
situ performance. A major effort should be devoted to deter- 
mining the type of tests that can be performed economically 
on the moon and that also provide the largest return of 
pertinent information, 
Earth Based Laboratory Tests. During early Apollo the 
bulk of the soils data will be obtained from tests on re- 
turned samples, Most of these data will be of limited engi- 
neering value for two reasons: 1) the samples wlll be repre- 
sentative of only the surface layer; and 2)  the samples will 
probably be badly disturbed; due not only to sampling, but to 
re-entry and landing forces. The problem of sample representa- 
tiveness and sample disturbance cannot be avoided during the 
first missions. However, at the outset, engineering data must 
be obtained in order to make meaningful engineering decisions 
later in the lunar exploration program. In addition, data 
from returned samples will provide the only means of correla- 
ting other data, including qualitative observations, 
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The initial problem in conducting earth based tests on 
returned or simulated lunar samples is to reconstruct samples 
having the same material properties, the same fabric and poros- 
ity, and the same environment as the In situ lunar soil. It is 
likely that the engineering properties are influenced by rever- 
sible environmental factors (such as atmosphere and electrical 
charge). Thus, if the environment can be duplicated on earth 
and if t he  sample is recmstituted to its in situ density, 
reasonable agreement with in situ mechanical properties is 
likely. An experiment to measure the in situ density is 
essential to earth-based testing. Not only is this parameter 
important for running engineering tests, but its value is also 
needed to interprete measurements of thermal inertia constant: 
radar reflections: and geophysical tests (part of ALSEP package). 
There is no question that the density of the lunar soil must be 
measured as early as possible, preferably on the first or second 
mission. In addition, the technology required to perform appro- 
priate compression and shear tests under high vacuum conditions 
and on small samples must be developed, Research and develop- 
ment in many of these and other areas can be initiated prior tu 
the first lunar landings. 
Once lunar samples become available a program of research 
and testing should be initiated to determine the effects of 
the various factors enumerated in Section 3.1.1 on strength and 
deformability. This program should include: 
1, Shear Tests 
2, Compression tests 
3. Bearing capacity tests 
4 .  Trafficability tests 
5. Friction tests 
6, Dynamic tests. 
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By using the results of research conducted on soil be- 
havior and soil technology, it will be possible to synthesize 
the lunar soil on earth; that is, model the lunar soil with 
terrestrial material that has similar strength and deforma- 
bility characteristics, These models can then be used for 
mobility and foundations studies. Of course, the lunar soil 
is likely to be quite heterogeneous; thus, the degree to which 
the lunar soil is duplicated on e a r t h  will depend on the 
accuracy required in the solution. The degree of duplication 
also depends on its intended use, If mobility were the only 
concern, then only a relatively shallow layer of s o i l  would 
have to be manufactured; however, if bearing capacity were 
being modeled, then the subsurface soil would also have to be 
duplicated. Establishing criteria for obtaining the degree of 
similitude required for various problems is an important re- 
search area. 
Obviously it will not be feasible to simulate all condi- 
tions inherent to the lunar surface and the lunar environment. 
The effects of neglecting certain factors in model testing must 
be evaluated, and compensated f o r  if possible, Traditionally, 
in terrestrial soil mechanics, s o i l  engineers have not had to 
perform extensive model tests and as a result this technology 
is not well developed, Therefore, research must be undertaken 
to develop similitude criteria for soils if full utilization of 
the potential value of modeling techniques is to be achieved. 
In regard to the use of the models, it is interesting to 
compare the field of hydraulics with that of soil mechanics. 
The former has a long history of dimensionless parameters, 
such as the Reynolds, Froude, Weber, and Mach numbers. 
Hydraulics is also known for its large-scale models, such as 
the Corps of Engineers model of the entire Mississippi River 
Basin. Untnl recently, none of this w a s  found in soil 
mechanics, Simlitude is beginning to play a large role in 
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the solution of mobility problems; it is certain that other 
soils problems will also be studied by this approach in the 
future. 
One of the simulations that could be conducted on synthe- 
sized lunar soil deserves special mention: soil improvement. 
Soil improvement could play an important role on the moon, 
just as it does on earth. As the environment of the moon 
and the operational constraints present major difficulties 
that are not encountered on earth, the techniques of applica- 
tion will probably be a most difficult problem. Soil improve- 
ment could be used primarily for the stabilization of LM sites 
before or after landing. Stabilization might consist of: in- 
creasing bearing capacity, decreasing settlement, or eliminat- 
ing the problem of rocket exhaust erosion. Stabilization 
techniques such as the injection of a hardening gel should be 
studied. During later phases of exploration soil improvement 
offers the exciting possibility of using the soil as a construc- 
tion material for roads and buildings or for stabilization of 
excavations and tunnels. If this becomes a reality, it will 
mean a substantial savings in materiais chat WoulC: otherw ise  
have t o  be ferried to the moon. 
Lunar Based Tests, Due to restrictions on astronaut time 
I 
and operational limitations during the early missions, earth 
based testing must be the major source of soil mechanics in- 
formation. As soon as it is practicable lunar-based testing 
should assume part of this role, as in the long run in situ 
tests will be far more economical than earth-based tests. The 
Surveyor photographs indicate that at least some of the lunar 
soilis a weakly cohesive,loose material. It 1s doubtful that 
undisturbed samples of such soil could be returned to earth; it 
is difficult to obtain good terrestrial soil samples, without 
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the disturbing effects of launch, re-entry, and landing. For 
engineering purposes and for certain scientific tests it is 
absolutely necessary to have undisturbed samples: measurements 
of strength and deformability of remolded samples are of limited 
value; likewise fabric, porosity, thermal behavior, reflectivity, 
and electrical properties. Tests on the moon would also involve 
minimum contamination of particle surfaces, since lunar tests 
can be run without leaving the natural enviroment of the l u n a r  
surface. 
As soon as it is operationally feasible a soils laboratory 
should be established on the moon. It is recognized that such 
a laboratory may not be feasible during the early stages of 
lunar exploration. On any of the individual excursions the 
scope and sophistication of the tests will always be severely 
limited by operational problems. For this reason, a soil 
mechanics laboratory to complement the field testing f s  neces- 
sary. Such a laboratory could essentially do all the testing 
formerly done on earth and could also include any new tests 
that have beeii developed especially for lunar soils. Automa- 
tion of the equipment would be emphasized, but speclaily- 
trained astronauts will be required to operate the equipment. 
commitment to exploration of the moon. 
A lunar s o i l s  laboratory, of  course, assumes a long-range 
3.1.2 Classification Parameters 
Required Data. There are two types of information that 
are required to classify a given site. First, the relation- 
ships between stress-strain-strength characteristics and the 
soil type, porosity, fabric, and other identifying factors 
must be known. Second, the homogeneity or variability of the 
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soil vertically and horizontally must be characterized. If 
this information can be obtained by remote techniques at sites 
for which we already have tactile data (gathered during Speci- 
fic Site Studies, as described in Section 3.1.1), it will be 
possible to use remote techniques at untested sites and make 
a probabilistic prediction of strength and deformability. 
a capability for expressing many parameters quantitatively that 
have been only qualitatively described in the past. Methods 
must be developed for quantifying variables such as particle 
shape, particle size distribution, and fabric. The variabili- 
ty of these properties must also be characterized in statistf- 
cal terms. Special equipment and techniques must be developed 
to measure rapidly and accurately these basic properties in 
the laboratory. Such things as stress-strain curves from shear 
tests must be classified in terms of: strain at maximum shear 
stress, strain at failure, shape of curve, maximum shear stress, 
shear stress at failure, etc. Again, the variability must be 
known 
Methods for Obtaining Data. The first step is to develop 
Once soils from specific lunar sites have been c lass i f ied  
according to their basic properties and engineering behavior, 
the important variables that characterize differences in soil 
behavior between lunar sites can be established, Eventually 
it may be possible to find parametric relationships, such 
that given certain basic properties it is possible to predict 
the engineering behavior within certain bounds. 
Thus, in the beginning, soil mechanics predictions must be 
based on engineering tests, while later predictions can be made 
on the basis of measurements of classification parameters such 
as porosity and fabric. (The ultimate goal being to develop 
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the ability to measure the classification parameters by remote 
means.) To complement both types of predictions, a comprehen- 
sive program of site evaluation is required. 
Site evaluation consists of three steps: 1) determining the 
engineering properties at a site and obtaining a prediction of 
the expected behavior under loads, etc.; 2) using instrumentation 
to measure the actual behavior; and 3 )  comparing the actual be- 
havior with the prediction. Site evaluation is n o t  on ly  a guard 
against unexpected developments, but also is a check on our 
prediction capabilities. Appendix B indicates some of the pro- 
blems that terrestrial soil engineers must face; the lunar soil 
engineer will confront these same problems, but without the vast 
experience that has been accumulated on earth. Site evaluation 
will provide the necessary experience. 
3 . 1 . 3  Correlation Techniques 
The ultimate engineering use of the correlation between 
material properties and soil behavior is to aid in selecting 
future sites and to design hardware for use under predictable 
conditions at future sites. Numerical correiations bztxeen 
soil properties and behavior have had some success on earth, 
particularly in local regions with fairly homogeneous profiles. 
Using the same rules for widely differing deposits has been 
less successful, although many "envelope predictions" have 
been effective. 
Once a correlation is established between the classifica- 
tion parameters of lunar soils and the engineering behavior, 
the next step is to develop suitable techniques for determining 
the classification parameters by remote measurements; that is, 
to establish correlations between the classification parameters 
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and the parameters of the remote measurement technique. 
Possible remote techniques are: 
1. Geological inferences concerning material type and 
2. Surface geometry determined by optical methods (such 
3 .  Indirect measurements such as radio, radar, X-ray, 
deposition; 
as crater dimensions); 
radiation, temperature. 
Some work has already been done along these lines but it 
has been hampered by three main difficulties: 1) not enough 
accurate data; 2)  use of terrestrial models; and 3 )  most in- 
vestigators have attempted to correlate engineering properties 
directly with remote data rather than go through the intermedi- 
ate correlation with basic material properties. We feel that 
the data from the remote sensing devices actually reflect such 
basic properties as porosity and fabric rather than derived 
properties such as friction angle, $, and cohesion, c (See 
Appendix B). 
It should also be pointed out that not all Correlation is 
numerical; correlation also involves "experience and judgment." 
The collection and processing of a great deal of data will allow 
lunar soil engineers to gain experience faster than has been 
possible on earth, since automated means of data collection 
and analysis for terrestrial soils have not received major 
attention until recently. This will aid not only in the selec- 
tion of other sites but also in all other aspects of lunar soil 
mechanics. 
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3 . 2  ANALYTICAL RESEARCH 
As described in Section 2.3, the solution of soil mechanics 
problems involves the prediction of initial stresses, changes 
in stresses and stress system and, for dynamic problems, the 
time history of loading. These quantities are predicted by 
elastic or elastic-plastic analyses in the case on non-failure 
conditions and by limiting equilfbrim analysis for failure 
conditions. 
In terrestrial analyses of both static and dynamic bearing 
capacity, settlement and slope stability, the most uncertain 
segment of the analysis generally concerns material properties 
and behavior data; i.e., the theory is better than our ability 
to determine the appropriate parameters. For these reasons, 
currently available and evolving analytical capabilities for 
solving these problems are sufficient. However, in some situa- 
tions it may be necessary to obtain solutions for the boundary 
conditions peculiar to specific exploration hardware. A situa- 
tion of this type is the rocket exhaust erosion problem where 
the analytical tools for solving the problem presently exist, 
but a solution for the particular boundary conditions does not. 
Basic research in vehicle mobility may be necessary if the 
presently available terrestrial correlations cannot be applied 
to the lunar situation. The need for analytical research in 
mobility problems should be carefully considered in the light 
of Early Apollo observations and measurements. 
3 . 2 . 1  Analytical Research on Foundation Problems 
The static components of strength and compressibility are 
fairly well understood today, although the stress-strain compati- 
bility of soils has not yet been adequately considered in terres- 
trial soil mechanics, In the past, for instance, settlement and 
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bearing capacity have been calculated independently of one 
another without regard to their interdependence. Similarly, 
slope stability calculations neglect variations of strength 
with strain. If these could all be tied together our predic- 
tions of settlement and factors of safety would be more accu- 
rate and would permit more economical designs. 
methods that are sufficient on earth may not be satisfactory 
oii the m m i i  where the cznsequenees zf failure are catast rophic  
and improved methods of analysis may be necessary. The devel- 
opment of a finite-element computer program to account for the 
stress-strain behavior of so i l s  under static conditions is, 
therefore, highly recommended. 
.Approximate 
The dynamic components of strength and compressibility still 
require much analytical work. All of these areas require labora- 
tory studies to clarify the mechanisms involved and theoretical 
studies to improve our ability to make predictions of behavior. 
Weaknesses in the understanding of soil dynamics have already 
been recognized and research programs are underway at a number 
of institutions (Berkeley, University of Michigan, M.I.T.). 
These are faifly general studies, however, and specific studies 
directed toward landing and launch dynamics should be under- 
taken. The areas of dynamic settlement and dynamic slope sta- 
bility are receiving adequate attention independent of NASA. 
The specific area of landing dynamics has been studied 
previously for NASA. Good analyses have been made of the land- 
ing gear characteristics, but the study of soil-structure inter- 
action has been limited primarily to model tests and simple 
analog comparisons. It is also necessary to investigate such 
factors as mode of failure and development of failure surface; 
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effects of footpad compressibility on soil strength; effects 
of ground motion on soil strength; variation of strength and 
compressibility parameters with cycles of stress and strain; 
etc. 
3 . 2 . 2  Analytical Research on Mobilitv Problems 
Mobility is a complex problem that has not yet yielded 
eritirely to either experimental sr theoretical research, It 
is based almost wholly on experience and judgment. This is 
not to say it cannot be solved: it just has not been solved 
yet. 
Soil-vehicle interaction is an extremely complicated 
phenomenon, involving static and dynamic components of strength 
and compressibility. Even if it is theoretically solved, we 
can expect that variations in the soil type will necessitate 
very conservative designs. Thus, extensive theoretical studies 
of mobility are not recommended. 
What is needed, rather, is to take the results of the tests 
on the lunar soil that will be conducted here on earth and to 
find a suitable material to model the lunar surface, one with 
similar strength and deformability characteristics. With these 
models it will then be possible to design lunar vehicles em- 
pirically before they are used on the moon. In the meantime, 
it will be necessary to be conservative in the design. 
Also needed will be a trafficability study with statistical 
studies along these lines: stereo photographic analysis in terms 
of surface roughness and obstacles to determine optimum, alter- 
nate routes between two points. The optimization would be in 
terms of parameters for power consumption, time of traverse, 
points of interest along the way, exceptional hazards (such as 
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rilles), complexity of navigation, etc. Of course, the analysis 
would be done by a computer into which would be fed a surface 
profile of the area surrounding the two end points. In the 
beginning such an analysis would neglect any differences in 
soil behavior; as soils data are accumulated and correlated 
they can also be included. This will be an invaluable aid in 
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A review of the literature concerning the nature of the 
lunar surface layer has led to the following conclusions: 
1. Most investigators tend to make very broad generali- 
zations, seeking average values of density, friction angle, 
cohesion, etc., that can be applied to the entire surface. 
From an engineer's point of view this is futile; he must 
know the value of the various parameters at a given location 
or for a given situation. An average value of, say, density 
of the soil on the earth is not only useless but meaningless; 
the same is true on the moon. In the words of Urey: ' I . . .  the 
process of the moon's origin was undoubtedly more intricate 
than anyone has the courage to imagine ..." (Baldwin, p. 311). 
2. In view of this tendency to "homogenize" the moon, 
it is likely that all of the investigators are correct to a 
degree cor;cerning the  p r e p e r t i e s  c?f the 1 ~ n a - r  surface - Cer- 
tainly the terrestrial surface is exceedingly complex and 
although surface moisture is apparently lacking on the moon, 
the lunar surface is nearly as complex. Thus, we should 
expect lava flows (as predicted by Baldwin, Urey, Kuiper, 
et.al.), deep layers of dust (Gold, Jaffe, Halajian), as well 
as coarse granular material of all sizes (Salisbury, Smalley). 
Furthermore, thse soil types are not limited to certain areas 
and can occur anywhere. 
3 .  Remote prediction of surface properties is still in 
the development stage. No prediction of engineering behavior 
can be made at this time without tactile measurements. This 
is true on the earth and doubly true on the moon. The wide 
range of predicted properties amongst the investigators is 
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indicative of the status of remote measurements. From an 
engineer's point of view, he may as well disregard all photo- 
metric, radio, and radar data, as they are all invoked by the 
various investigators as evidence to support their hypotheses. 
4 .  Very few competent soils engineers have been involved 
in the space program. Many experiments have been conducted 
that have proven things already known or that could have been 
predicted with the terrestrial soil mechanics available at the 
time. The research has shown an amazing lack of direction. 
The investigators have invariably begun with a preconceived 
idea of what the surface is like (on the 'laverage"). They 
then find some evidence which seems to support their hypothe- 
sis; they either ignor conflicting evidence, or in explanation, 
propose some hitherto unheard of mechanism (without experimental 
support). Finally, they run tests on the supposed material, 
seemingly with the idea that the more data that is amassed, the 
more credible the model. 
5. An engineering point of view is needed- one that is 
not trying to prove a theory  ccncernmg the n r i g - f n  and formation 
of the moon, but is attempting to solve engineering problems and 
increase the safety of men and equipment on the lunar surface. 
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I. INTRODUCTION 
Before discussing the literature that was reviewed, 
it is enlightening to consider those aspects of the lunar 
environment which are of importance from an engineering point 
of view: 
Meteorite Impact: the actual number is inversely 
related to the size - the smaller the size, the more 
numerous. An estimate of the average rate of infall: 
1.3 x 10 2 g/cm /sec. (Salisbury and Smalley, 1964). -14 
Seismic Activity: Estimated to be moderate (Baldwin, 
1964). 
Temperature: Large variation: -17OOC to +llO°C. 
Pressure: Exact value has not been determined, but 
estimates of 10 -lo to 10 -'* torr frequently used. 
Gravity: Only 1/6th that of earth. 
All of these environmental aspects must be considered by 
the engineer. The last effect, the reduction in gravity, is 
probably the most important for we have the least experience 
with it; whereas, we already know quite a bit about low pres- 
sures, low temperatures, missile impact, and seismic activity. 
The literature is full of mistaken impressions concerning 
the effect of gravity. For instance, one large firm, which 
has designed a roving vehicle for travel on the moon, expects 
the low gravity to smooth out what might be a bumpy terrestrial 
ride; while in fact, the vehicle will be much more unwieldy on 
the moon. In any dynamic situation in which accelerations are 
occurring (such as a vehicle or a machine), the relative 
acceleration is important, as well as the absolute acceleration. 
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Thus, on earth,  if t h e  maximum a c c e l e r a t i o n  w e r e  2 0 0  cm/sec 2 , 
o r  only  about  20% of g r a v i t y ,  t h e  e f fec t  might be n e g l i g i b l e .  
Put  t h e  same machine on t h e  moon, and t h e  a c c e l e r a t i o n  i s  
1 2 0 %  of t h e  l u n a r  g r a v i t y  - and t h e  machine would l e a p  o f f  
t h e  ground and come c r a s h i n g  down aga in  du r ing  each c y c l e .  
S i m i l a r l y ,  t h e  lesser g r a v i t y  w i l l  adverse ly  a f f ec t  t h e  con- 
t r o l  of a v e h i c l e ,  n o t  improve it .  
The reduced g r a v i t y  a l s o  has s p e c i a l  importance f o r  s o i l  
mechanics. Before d i s c u s s i n g  t h i s  it is necessary  t o  c lear  
up a misunderstanding on t h e  p a r t  of  some s o i l  engineers .  A 
Commonly used u n i t  of f o r c e  among eng inee r s  i s  t h e  kilogram, 
meaning t h e  force equa l  t o  t h e  weight (on e a r t h )  of a 1 kg mass. 
Now t h a t  eng inee r s  are i n v e s t i g a t i n g  e x t r a t e r r e s t r i a l  s i t u a t i o n s ,  
t h i s  t ype  of u n i t  has  no p l a c e  i n  t h e  language. Rather ,  dynes 
o r  newtons must be used t o  avoid u t t e r  confusion.  (1 dyne = 
1 gm-cm/sec 2 ; 1 newton = P kg-m/sec2 = 10 5 dynes = .225 lb). 
(Th i s  i s  n o t  a l l  t h e i r  f a u l t :  c o u n t r i e s  employing t h e  metric 
system also commonly use  t h e  kg a s  a u n i t  of f o r c e ) .  
Thus, 
y : n w t / m 3  
c : nwt/m2 - cohesion 
$I : degrees  - f r i c t i o n  ang le  
nq : nwt/m2 
E : nwt/m2 
- u n i t  weight 
- m a s s  d e n s i t y  3 P : g/cm 
- app l i ed  load  
- modulus of e l a s t i c i t y  
L 
The f i r s t  l u n a r  samples w i l l  be t e s t e d  on e a r t h ,  r a t h e r  
ciAan on t h e  moon. I f  w e  use  parameters measured on e a r t h ,  it 
i s  necessa ry  t o  modify t h e  va r ious  formulas employed i n  s o i l  
mechanics. 
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1. I n f i n i t e  Slope S t a b i l i t v  
Consider  a s l ice  ( s i n c e  i n f i n i t e  s l o p e ,  s i d e  forces ba lance  o u t )  
f b  
H 
A r e a :  ab / cos i  
On moon: 
Forces: (1) : y ab Hc 
( 2 ) :  $. y ab Hc c o s i  
( 3 ) :  & y ab H -  s i n 2  
( 4 ) :  & y ab Hc cos1  
( 5 ) :  6 y ab Hc c o s i  t a n  $I 
(6) : cab/cos i 
c; 
I due t o  r educ t ion  of e a r t h  y 
E, cohesion i s  n o t  reduced, a s  
i t  i s  independent of g r a v i t y  
f iePd.  
- 
Shears:  ( 3 ) :  & y Hc s i n i  c o s i  
(6): & c 
( 5 ) :  & y Hc cos 2 i t a n  4 
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For equi l ibr ium:  
1 
6 
- I Y Hcsini c o s i  = - 
6 
Y 2 Hc cos i t a n  
2 = cos i ( t a n i - t a n  0) 
YHC 
If w e  w e r e  ana lyz ing  a slope w i t h  t h e s e  parameters  on 
e a r t h ,  t h e  expres s ion  would be: 
C 2 = COS i ( t a n  i - t a n  $ )  
YHC 
Thus, w e  see one very  important a s p e c t  of t h e  reduced 
g r a v i t y  on t h e  moon: i f  t h e  parameters a r e  measured on t h e  
e a r t h ,  t h e  e f fec t  of t h e  cohesion i s  s i x  (69 t i m e s  g r e a t e r  
on t h e  moon. However, i f  t h e  parameters are measured on t h e  
moon, t h e  f a c t o r  of six ( 6 )  must be omi t ted  from t h e  equa- 
t i o n s .  
2. Bearing Capaci ty  
y, c, 0, A q  measured on e a r t h :  
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I 
Then, on moon: 
- Aq = - -  yBNy + CNc + - ydNq 
6 2 6  6 
1 
Aq = - yBNy + 6 cNc + ydN 
2 9 
Once more, the factor of 6 increases the importance of 
the cohesion. If c = 0, then the mass bearing capacity on 
the moon would be the same as on earth. 
3. Settlement 
-R 
I l l  I I I l l  Aq A q  and E measured on earth 
1 1-1: Poisson's Ratio 
On moon: P =  
E 
(1 - p2) AqR 
P =  
3E 
E,like c,is inde endent of gravity field; thus, the settlement B 
on the moon is - that on the earth because of the reduced 
gravity . 6 
4 .  Foundation Vibrations 






















Frequency, ampli tude,  damping fac tor  and a c c e l e r a t i o n  
are dependent on geometry, mass dens i ty ,  Po i s son ' s  r a t i o ,  and 
modulus of  e l a s t i c i t y ,  a l l  of which are independent of t h e  
g r a v i t y  f i e l d .  
However, i n  t h e  reduced g r a v i t y  f i e l d  of t h e  moon, t h e  
a c c e l e r a t i o n s  become c r i t i c a l .  An a c c e l e r a t i o n  t h a t  would be 
accep tab le  on ear th  may cause  t h e  machine t o  l e a p  o f f  t h e  sur -  
f a c e  of t h e  moon, i n v a l i d a t i n g  t h e  basic assumptions i n  t h e  
theory .  Such motion, of course ,  could n o t  be t o l e r a t e d .  
D i f f e r e n t  i n v e s t i g a t o r s  have proposed v a r i o u s  va lues  for  
t h e  parameters  used i n  t h e  above ana lyses .  Table  A-1 p r e s e n t s  
a summary of t h e  estimates t h a t  have been made. I t  can be seen 
t h a t  t h e r e  i s  a wide d i f f e r e n c e  of op in ion  among t h e  i n v e s t i g a -  
t o r s .  Fig.  A-1  i n d i c a t e s  t h e  range of va lues  of bear ing  capaci-  
t y  t h a t  can be c a l c u l a t e d  from these parameters .  
11. I N D I V I D U A L  INVESTIGATORS 
J . D .  H a l a j i a n  
Z. D. iia:ajiar: h a c  sGpported a "deep, homogeneous under- 
dense cohes ive  s i l i ca te"  model of t h e  l u n a r  s u r f a c e .  A 
d e s c r i p t i o n  of  t h e  reasoning  t h a t  l e d  h i m  t o  t h i s  model i s  
c o n t a i n e d  i n  "The Case f o r  a Cohesive Lunar Surface  Model," 
( 1 9 6 2 ) .  I n  t h i s  p u b l i c a t i o n ,  Ha la j i an  w a s  t h i n k i n g  i n  t e r m s  of 
loose, uncompacted so i l s ,  which would f a i l  i n  compression, 
rather than  shear :  
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However, he then  c a l l e d  such a s o i l  cohes ion le s s ,  a l though it 
i s  imposs ib le  f o r  a cohes ion le s s  s o i l  t o  s t a n d  on a v e r t i c a l  
c u t .  Later  (19641, he  c l e a r e d  up t h a t  misunderstanding,  and 
r e f e r r e d  t o  h i s  cohes ive  model ( i n  which f r i c t i o n  w a s  n e g l i -  
g i b l e )  . 
Hala j i an  a l so  r a n  tests i n  an a i r p l a n e  f l y i n g  Kepler ian  
t ra jector ies  and proved what czulc! have been e a s i l y  d e r i v e d ,  
as shown above i n  t h e  s e c t i o n  on Bearing Capaci ty .  H e  a l so  
d i scussed  t h e  e f f e c t  o f  g r a v i t y  on p o r o s i t y .  I t  i s  never  
made c lear  whether he i s  d i scuss ing  s t a t i c  o r  dynamic e f f e c t s  
- b u t  i n  e i ther  case, h i s  experiments c e r t a i n l y  d i d  n o t  model 
t h e  l u n a r  environment. The experiments c o n s i s t e d  of depos i t -  
i n g  f i n e  sand i n  w a t e r  s o l u t i o n s  of d i f f e r e n t  d e n s i t i e s ,  t h e  
i d e a  be ing  t h a t  t h e  buoyancy o f  t h e  w a t e r  would model t h e  
e f f e c t  of reduced g r a v i t y .  Since t h e  sediment volume w a s  
about  t he  same f o r  a l l  t h e  d i f f e r e n t  s o l u t i o n s ,  it w a s  con- 









I i n c o r r e c t  conclusion.  V o l u m e  change i s  d i r e c t l y  r e l a t e d  t o  
e f f e c t i v e  stress, and t h e  effective stress i s  dependent Oi i  
t h e  g r a v i t y  f i e l d .  However, t o  exp la in  H a l a j i a n ' s  r e s u l t s :  
1. Deposi t ing s o i l  i n  water  i s  a common technique  used 
t o  o b t a i n  t h e  minimum d e n s i t y ,  o r  l o o s e s t  cond i t ion ,  which 
depends p r i m a r i l y  on t h e  packing geometry. S ince  t h e  s o i l s  
would n o t  g e t  much looser i n  any environment, it i s  n o t  sur -  
p r i s i n g  t h a t  t h e  d e n s i t i e s  were e s s e n t i a l l y  t h e  same w i t h  t h e  
d i f f e r e n t  f l u i d s .  
2.  The effect  of  g r a v i t y  on t h e  s u r f a c e ,  as f a r  as 
compaction o r  c o n s o l i d a t i o n  i s  concerned would be n e g l i g i b l e ,  
s i n c e  effect ive stresses are low a l r eady .  A t  some depth ,  t h e r e  
would be an e f f e c t ,  depending on t h e  overburden. However, i n  
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these model tests, t h e  s o i l  column formed w a s  so s m a l l  t h a t  
one would expec t  no measureable conso l ida t ion  of t h e  bottom of 
t h e  sample ( p a r t i c u l a r l y  s i n c e  t h e  s o i l  w a s  a f i n e  s a n d ) .  
3 .  From a dynamics p o i n t  of view, t h e  experiment aga in  
f a i l e d  t o  model l u n a r  s o i l  depos i t i on .  On t h e  moon, t h e  s o i l  
p a r t i c l e s  would be  f a l l i n g  i n t o  place - a c c e l e r a t i n g  a l l  t h e  
while. They would a l s o  t end  t o  bounce r a t h e r  h i g h l y  aga in ,  
d e n s i f y i n g  t h e  under ly ing  m a t e r i a l .  This  model had a c o n s t a n t  
s e t t i n g  v e l o c i t y  and very  l i t t l e  bounce, due t o  v i s c o s i t y .  
which w e  have found t o  be  fa r  from conclus ive .  Furthermore,  h i s  
estimates of d e n s i t y  ( p  = 0 - 4  g/cm 1 and cohesion ( c  = 2 . 4 2  t o  
2 4 . 2  x 1 0  nwt/m ) are based on r a d i o  and r a d a r  d a t a ,  which i s  
a l so  doub t fu l .  F i n a l l y ,  Hala j ian ,  a s  w e l l  as many o t h e r s ,  have 
j u s t  too much f a i t h  i n  t h e  thermal i n e r t i a  c o n s t a n t ,  y= (k  p c )  F .  
The i d e a  i s  t h a t  i f  y can be measured and c ( s p e c i f i c  h e a t )  
e s t i m a t e d ,  t hen  e i ther  k ( c o e f f i c i e n t  of thermal conduct ive ly)  
o r  p ( m a s s  d e n s i t y )  can be es t imated  and t h e  o t h e r  parameter 
c a l c u l a t e d .  However, da ta  eve= the:: ~ n d l r a . t e d  y would vary  
f r o m  3 5 0  t o  1 0 0 0  ( cgs  u n i t s ) ,  More r e c e n t l y ,  data  f rom Surveyor 
I have i n d i c a t e d  a range of y between 2 5 0  and 1 0 0 0 .  Thls  p o i n t s  









- 1  
H a l a j i a n  ( 1 9 6 4 )  a l s o  r epor t ed  t h e  r e s u l t s  of an experiment 
P a r t  of t h e  experiment involved tumbling t h e  p a r t i c l e s  
i n t ended  t o  demonstrate cohesion of f i n e  p a r t i c l e s  i n  h igh  
vacuum. 
t o  enhance degassing;  however, w e  b e l i e v e  t h a t  t h i s  a g i t a t i o n  
b u i l t  up an e lectr ic  charge  and caused t h e  p a r t i c l e s  t o  s t i c k  
t o  t h e  c o n t a i n e r  w a l l s .  The whole no t ion  of vacuum cold weld- 
i n g  o f  s o i l  p a r t i c l e s  has been g r o s s l y  exage r ra t ed ;  i n  a l a t e r  
s e c t i o n ,  t h i s  w i l l  be d i scussed  more f u l l y .  
-54 -  
I F i n a l l y ,  i n  1 9 6 6 ,  a f t e r  t h e  d a t a  from Surveyor I w e r e  
made a v a i l a b l e ,  Ha la j i an  w a s  s t i l l  suppor t ing  a cohes ive  model. 
T o  match t h e  Surveyor d a t a ,  h e  has g r e a t l y  inc reased  h i s  va lue  
Nothing new w a s  in t roduced  by Ha la j i an  as evidence excep t  for 
t w o  minor obse rva t ions :  1 1 )  t h e  photographs are inconc lus ive  
concerning g e n e r a l  o r  l o c a l  shea r  of t h e  s o i l  beneath t h e  foot- 
pads; from t h i s ,  he  concludes t h a t  t h e  p o r o s i t y  = 6 0  t o  70 %;  
(2) Radar measurements i n d i c a t e  a l a y e r  of  l u n a r  s o i l  a t  least  
1 foot  t h i c k  w i t h  a d ie lec t r ic  cons t an t  of l , 8 .  This  corresponds 
t o  a pure  q u a r t z  a t  70% poros i ty .  S ince  t h e  d i e l e c t r i c  c o n s t a n t  
i s  extremely dependent on metall ic c o n t e n t ,  t h e  va lue  o f  t h i s  
o b s e r v a t i o n  i s  ques t ioned;  t h e  r ada r  d a t a  i s  a l s o  ques t ionab le .  
R.F.  Sco t t  





R . F .  Scot t  has  been involved i n  both  t h e  Ranger and Sur- 
veyor programs a t  J e t  Propuls ion  Labora toryo  The material  t h a t  
t h e  J P L  group produces has been e x c e l l e n t ,  and i s  recommended 
reading .  
I n  1 9 6 6 ,  S c o t t  and  J a f f e  at tempted t o  e v a l u a t e  t h e  Luna I X  
l and ing .  I t  w a s  necessary  t o  assume t h e  depth of p e n e t r a t i o n  
of  t he  probe; they  took a very  conse rva t ive  va lue  and a s  a re- 
s u l t ,  t h e  computed va lue  of minimum bea r ing  c a p a c i t y  i s  much 
less t h a n  t h a t  of o t h e r  i n v e s t i g a t o r s .  
I n  1 9 6 7 ,  Surveyor I11 made a safe landing  on t h e  l u n a r  
s u r f a c e  and Scot t  was a b l e  t o  operate a scoop which probed t h e  
s u r f a c e .  T h e  data  f r o m  t h i s  experiment w e r e  no t  a v a i l a b l e  i n  
t i m e  f o r  t h i s  r e p o r t ,  b u t  it i s  known t h a t  d i f f i c u l t i e s  w e r e  
encountered  wi th  t h e  t e l e m e t r y -  Apparent ly ,  it was lmposs lb le  
t o  de te rmine  how much c u r r e n t  was drawn by t h e  motors o p e r a t i n g  




thus complicated, as this was the most significant lunar soil 
mechanics experiment that has been performed to date. A 
similar experiment is planned for Surveyor VII. 
L.D. Jaffe 
L.D. Jaffe, like Scott, is associated with JPL, and has 
In 1964, Jaffe attempted to determine the bearing capacity 
contributed some really excellent work. 
of the lunar surface from Ranger photographs of lunar slopes. 
He assumed that the specific gravity was 3-0 (the average for 
the moon and approximately that of common rock-forming sili- 
cates) and the porosity was 90% (based on photometric analysis). 
This resulted in a density of .3g/cm . By analyzing observed 
slopes in the photographs, he was able to bracket values of 9 
and c. With these parameters, he was able to predict the 
minimum bearing capacity for a O.Pm and a lm strip footing. 
3 
In 1965, he revised his figures and obtained an even 
smaller minimum bearing capacity (see Table A-1). Later data 
indicated that the assumed porosity was much too high and as 
a result,the bearing capacity is very conservative. 
Recently (19661, Jaffe has been investigating the lunar 
dust depth, as suggested by the "soft" look of craters in the 
Ranger 7 photographs. To this end, model craters have been 
built onto which a layer of fine particles is deposited until 
a "matchI1 is made between the model and the observed crater. 
The depth of dust cover is then estimated on the basis of 
geometric similarity; typically, this depth is 5m or more. 
These experiments violate geometric similitude. The 
smallest particles used were only in the medium silt range 
and the largest particles were in the medium sand range. To 
-56- 
use such large particles with respect to the diameter of the 
crater model is like considering the actual craters to be 
strewn with boulders 50 cm or larger in diameter. I 
Furthermore, Baldwin (1964) has 'found that isostatic 
adjustment is very important in changing the shape of craters. 
Thus, the observed "soft" look may be to a large extent due to 
this adjustment, rather than dust deposition. 
I SURVEYOR I 
"Surveyor I Mission Report, Part 11: Scientific Data and 
Results", (1966) is an excellent report and must be read to be 
appreciated. The photographs are magnificent and this publica- 
tion contains the largest number that are readily available. 
There is a great deal of information contained herein of 
general interest to engineers. The estimation of soil para- 
meters is of particular interest to the soil engineer. How- 
ever, no derivation is given to justify the results, which are 
as follows: 3 
p = 1.5 g/cm 
c = 1 to 4 x 10 nwt/m 
Cp = 30' -40' 
2 2 
From the Surveyor I photographs, we estimated a porosity 
of n = 50 + - 15%. Based on geologic considerations, we used 
a specific gravity, G = 2.5 to 3.0. These numbers lead to 
p = 1.5 + - .5 g/cm . Thus, we tend to agree with their value 
for the mass density. 
Apparently, they arrived at Cp and c by a very conserva- 
tive approach. Since the footpad is in the shape of a truncated 
cone, the dynamic stress applied to the soil depends on the 
depth of penetration and can vary between a maximum and a mini- 
mum of 7 x lo4 nwt/m2 and 4 x lo4 nwt/m , respectively. 




i '  
I 
i 
They a l so  neglec ted  the  surcharge  e f f ec t ,  which i s  uncon- 
s e r v a t i v e .  However, t h e  very small  depth of p e n e t r a t i o n  (less 
than  8 c m )  c o n t r i b u t e s  on ly  about 2 %  t o  t h e  dynamic b e a r i n g  
capac i ty ,  which i s  equal  t o  3 x l o 3  nwt/m . 
F i n a l l y ,  t hey  assumed t h a t  t h e  s o i l  mass had f a i l e d  i n  
g e n e r a l  shea r .  This  i s  a very  conse rva t ive  assumption. The 
photographs w e r e  i nconc lus ive  i n  t h i s  r e s p e c t .  I f  t h e  mode 
of  f a i l u r e  had been l o c a l  s h e a r ,  t h e n  q~ and c t h a t  were back- 
f i g u r e d  would have been much l a r g e r .  
2 
Thus, i f  one t a k e s  t h e  @J and c p r e d i c t e d  by J P L  and uses  
N N and Nc (Te rzagh i ' s  bear ing  c a p a c i t y  f a c t o r s )  f o r  t h e  
case o f  loca l  s h e a r ,  one arrives a t  comfortably conse rva t ive  
va lues  of maximum bea r ing  capac i ty  (even as l o w  a s  t h e  observed 
s t a t i c  bea r ing  p r e s s u r e ) .  
r ' s  
Note t h a t  g iven  a va lue  f o r  bea r ing  c a p a c i t y ,  it i s  poss i -  
b l e  t o  back-f igure an i n f i n i t e  number of combinations of @I and 
c. Based on exper ience  w i t h  terrestr ia l  s o i l s ,  w e  ag ree  wi th  
t h e  range of q~ va lues  and t h e  corresponding c va lues  picked by 
JPL .  
However, w e  cannot  a c c e p t  t h e  equat ion  used t o  d e s c r i b e  
dz 2 t h e  s o i l  response: F = Cp + C 2 '  C3 
more complicated.  W e  c o n s i d e r  a t tempt ing  t o  e v a l u a t e  t h e  
c o n t a n t s  C1, C2, and C 3  a s  f r u i t l e s s ,  
n o t  be c o n s t a n t .  
. R e a l  s o i l  is f a r  
They w i l l  undoubtedly 
Two f u r t h e r  p o i n t s  a r e  of i n t e r e s t :  
(1) The Surveyor I r e p o r t  admits  t h a t  t h e  thermal  i n e r t i a  
c o n s t a n t ,  y, of t h e  Surveyor I s i t e  can vary between a va lue  of  
250 t o  1 0 0 0  (cgs  u n i t s ) ,  As mentioned ear l ie r ,  such a l a r g e  
range p rec ludes  the  u s e f u l n e s s  of estimating "average" va lues  
of s o i l  parameters .  
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(2) Based on an a n a l y s i s  of crater  formation and compo- 
s i t i o n ,  i t  w a s  e s t ima ted  t h a t  t h e  observed material i s  ve r t i -  
c a l l y  homogeneous on t h e  o r d e r  of l m .  deep. I t  i s  i n t e r e s t i n g  
t o  no te  t h a t  S a l i s b u r y  and Smalley ( 1 9 6 4 )  p r e d i c t e d  t h i s  e x a c t  
depth  o f  rubble  f o r  marial  reg ions ,  such as t h e  Surveyor I 
s i te .  J P L  concluded t h a t  t h e  underlying m a t e r i a l  may w e l l  be 
r e l a t i v e l y  s t r o n g  rock;  Sa l i sbu ry  and Smalley thought  i t  might 
be indura t ed  a sh  flows. Baldwin (1963) contends t h a t  t h e  
under ly ing  material  i s  l a v a  flow. 
T.  Gold 
T. Gold, from as e a r l y  a s  1955, has  p r e d i c t e d  t h a t  t h e  
g r e a t  mar ia l  r eg ions  c o n s i s t  CDf deep l a y e r s  of d u s t  o r i g i n a t i n g  
from t h e  impact of metorites. 
Apparently,  h i s  use  of  the  word "dus t "  has  caused g r e a t  
confusion.  H e  u ses  "dus t "  t o  mean f ine -g ra ined  m a t e r i a l  w i t h  
cohesion;  o t h e r  i n v e s t i g a t o r s  have i n t e r p r e t e d  "dus t "  t o  mean 
a mater ia l  something l i k e  talcum powder. B e  t h a t  as it may, 
wher? the photographs w e r e  ob ta ined  from t h e  Surveyor I s i t e ,  
many i n v e s t i g a t o r s  assumed t h e  photos b e l i e d  t h e  Gold Model. 
On t h e  c o n t r a r y ,  Gold argued, t h e  photos supported h i s  model. 
( I t  i s  i n t e r e s t i n g  t o  no te  t h a t  H a l a l i a n ,  who has  argued 
a g a i n s t  t h e  Gold model, has  used t h e  e x a c t  same analogy a s  
Gold; i .e. ,  so f t  snow. As more da tahave  become a v a i l a b l e ,  t h e  
d e s c r i p t i o n  of t h e  models has  come c l o s e r  t o g e t h e r ,  whi le  t h e  
i n v e s t i g a t o r s  have cont inued t o  c r i t i c i z e  each o the r ' s  model.) 
B.  Hapke 
B. Hapke ( 1 9 6 6 ) ,  a l so  of Corne l l ,  r a n  a Series of tes ts  
on a l a r g e  a r e a  f i l l e d  w i t h  cement. F i r e  c r a c k e r s  and dynamite 
s t i c k s  were exploded i n  t h e  cement. When they  w e r e  done, they  
-59- 
had a p e r f e c t  moonscape, complete wi th  rimmed craters,  r i m l e s s  
craters, p i l e s  of g r a v e l - l i k e  rubble ,  "rocks",  s t e e p  s l o p e s ,  
and l i n e a r  f e a t u r e s .  T h e  photographs must be seen  t o  be 
apprec i a t ed .  
Hapke ( 1 9 6 4 )  ea r l ie r  r a n  another  i n t e r e s t i n g  experiment 
t h a t  involved t h e  c o n s o l i d a t i o n  of a rock f l o u r .  Assuming a 
l u n a r  s u r f a c e  p o r o s i t y  of about  90% I p  = . 3 0  g/'cm 1, it  w a s  
found t h a t  a t  a depth  of  1 0  c m ,  p .5  gjcm and a t  1 a, 
p = .8 g/cm . ( I t  should  be  poin ted  o u t  t h a t  ve ry  few b a s i c  
s o i l s  tests such as t h i s  one have a c t u a l l y  been run  on pro- 




Three problems are outs tanding ,  however, i n  t h e  Gold model. 
F i r s t ,  it i s  hard t o  imagine t h a t  a b s o l u t e l y  every  chunk of 
l u n a r  rock w a s  pu lve r i zed  i n t o  d u s t  due t o  m e t e o r i t e  impact. 
Su re ly  t h e r e  are rocks  and boulders  s c a t t e r e d  throughout  
t h i s  m a s s  of d u s t ,  i f  indeed t h e r e  is  t h a t  much d u s t .  A 
rubb le  of  h igh ly  v a r i a b l e  p a r t i c l e  s i z e  seems more l i k e l y .  
Second, Gold i s  count ing o n  t h e  l o w  v e l o c i t y  p a r t i c l e s  
ferxed dcring m e t e o r i t e  impact t o  r e s u l t  i n  a s o i l  s t r u c t u r e  
of h igh  p o r o s i t y .  C e r t a i n l y  the  very t o p  s u r f a c e  (which may 
be  less than  1 c m  some d i s t a n c e  f r o m  a c r a t e r )  w i l l  be loose,  
b u t  t h e  shock waves caused by impact must compact t h e  s o i l  
s i g n i f i c a n t l y .  Hapke's experiment w i t h  t h e  cement confirms 
t h i s :  before t h e  exp los ions ,  a man would s i n k  i n t o  t h e  cement 
over h i s  ankles ;  a f t e r w a r d s ,  he would s i n k  less than  an inch.  
Th i rd ,  it i s  b e l i e v e d  t h a t  Gold and t h e  others  are count- 
i n g  on too much cohesion between t h e  p a r t i c l e s  comprising t h e  
d u s t .  The one o r  t w o  experiments t h a t  have been performed on 
f ine -g ra ined  s o i l s  are f a r  from conc lus ive .  
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Bromwell (1966) has shown that there is an increase in 
friction between quartz plates when the plates are exposed to 
a simulated lunar environment. No gross seizure or "cold 
welding" was observed. The explanation for this was that un- 
like steel, silicates are a brittle material and unable to 
flow plastically (except at very high normal stresses). It 
is possible that with very small particles there will be an 
increase in cohesion (after all, cohesion and friction are 
caused by the same mechanism: atomic bonding), but it is doubt- 
ful that there will be cold welding. In addition, the oft- 
quoted van der Waal's forces are probably very small. These 
forces are usually invoked when discussing clay-sized particles; 
most investigators speak of particles on the moon with a dia- 
meter of 10 microns ( . O h m ) ,  which is well into the silt range. 
The coarsest clay particle is . 0 0 2  m and a medium particle 
.0003mm, or 5 to 30 times smaller than the expected lunar s o i l .  
The importance of the van der Waal's forces has thus probably 
been over-emphasized. 
There is a need f o r  gocd experimental work to actually 
measure increases in cohesion and friction in fine-grained 
soils due to the lunar environment. 
There are other problems with the Gold Model of deep layers 
of dust, which will be discussed in the section on Baldwin. 
Salisbury & Smalley 
J.W. Salisbury and V.G. Smalley (1964), have presented a 
more conventional point of view concerning the composition of 
the maria1 surfaces. They feel the surface is a highly variable 
layer of rubble, mantled with a layer of highly porous dust. 
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By count ing  craters and computing t h e  volume of r u b b l e  pro- 
duced by t h e  impact ( m a s s  of e j e c t a  t o  mass of  meteroid 
assumed t o  be 1 0  ) ,  they  were a b l e  t o  c a l c u l a t e  t h e  depth  of 
t h e  rubble ,  depending on d i s t a n c e  from c r a t e r  ( 9 5 %  of e jecta  
concen t r a t ed  nea r  c ra te r ) .  I t  is i n t e r e s t i n g  t o  n o t e  t h a t  
t h e i r  computations of  volume of m a t e r i a l  r e s u l t  i n  a depth of 
l m  o r  less on marias  f a r  from craters (see Surveyor I r e p o r t ) ,  
whereas Gold c a l c u l a t e d  t h e  depth o f  d u s t  t o  be a k i lome te r  o r  
more. (Note t h a t  S a l i s b u r y  and Smalley go along w i t h  Gold ' s  
sugges t ion  of  e lec t ros ta t ic  t r a n s p o r t  t o  account  f o r  movement 
of  s o i l  p a r t i c l e s .  On t h e  o t h e r  hand, t hey  d i s a g r e e  wi th  h i s  
i d e a  t h a t  the  d u s t  i s  homogeneous; ra ther ,  t h e  rubb le  i s  made 
up o f  h i g h l y  v a r i a b l e  and e r r a t i c  p a r t i c l e  s i z e s . )  I n  t h e  
mountains, t h e  rubb le  l a y e r  may be l O O O m  o r  more t h i c k .  In-  
d i v i d u a l  b locks  of 4.5 m can be  expected i n  t h e  mar ias ,  and 
lorn t o  22m b locks  i n  t h e  h ighlands ,  J u s t  wha t  i s  beneath t h e  
rubb le ,  p a r t i c u l a r l y  i n  t h e  marias  1 s  n o t  known, b u t  it might 
be i n d u r a t e d  vo lcan ic  ash.  
3 
From a s o i l  e n g i n e e r ' s  p o i n t  of view, t h e  S a i i s b i i r y  ar;d 
Smalley model seems t o  be a reasonable  d e s c r i p t i o n  of w h a t  t o  
expec t  on the  moon. The s o i l  p r o f i l e  is bound t o  be extremely 
complex and v a r i a b l e ,  bo th  h o r i z o n t a l l y  and v e r t i c a l l y .  One 
s o i l  model cannot  p o s s i b l y  work f o r  a l l  areas. For i n s t a n c e ,  
S a l i s b u r y  and Smalley p r e d i c t  t h a t  t h e  d u s t  l a y e r  could be 
q u i t e  t h i c k  i n  dep res s ions ,  and t h i n  on he igh t s .  
R.B. Baldwin 
R.B. Baldwin has s p e n t  years  ana lyz ing  data  from t h e  
moon. The r e s u l t  has  been t w o  volumes of cons ide rab le  s t a t u r e :  
The Face of The Moon ( 1 9 4 9 )  and The Measure --- of The Moon (1963) .  ------ 
The Measure of The Moon i s  a very  d e t a i l e d  work ,  running 
over 4 7 0  pages. Because of t h e  g r e a t  d e t a i l ,  it i s  d i f f i c u l t  




I t h a t  he has  s p e n t  a g r e a t  deal of t i m e  and e f f o r t  i n  develop- 
etc.,  and p r e d i c t i n g  a model of  t h e  l u n a r  s u r f a c e ,  he has  
a t tempted  t o  r e c o n s t r u c t  t h e  lunar  geo log ic  sequence of 
even t s  - and he has  done t h i s  i n  much g r e a t e r  d e t a i l  t hen  
any o t h e r  i n v e s t i g a t o r .  One th ing  s t a n d s  out :  Baldwin has  
sugges ted  i s o s t a t i c  adjustment  t o  account  f o r  "smoothing o u t "  
of o l d  craters. T h i s  is a p e r f e c t l y  l o g i c a l  niechaiiism and 
would occur  t o  a g e o l o g i s t  immediately; b u t  i t  w a s  n o t  men- 
t i o n e d  i n  any of t h e  o ther  l i t e r a t u r e  t h a t  w a s  reviewed. 
l i n g  h i s  thoughts .  I n s t e a d  of t ak ing  r a d i o  and r a d a r  d a t a ,  
i 
Baldwin's model of  t h e  luna r  s u r f a c e  i s  a consequence of 
h i s  assumptions r ega rd ing  t h e  moon's geo log ic  h i s t o r y .  I n  
p a r t i c u l a r ,  he  cons ide r s  t h e  marias t o  be f i l l e d  w i t h  l a v a  
f l o w s  thousands of feet  t h i c k ,  H e  has n o t  t h e  s l i g h t e s t  
doubt  t h a t  t h e r e  i s  some d u s t  and rubb le  everywhere, b u t  n o t  
t o  t h e  e x t e n t  suggested by Gold (who holds  t h a t  t h e  maria 
are f i l l e d  n o t  wi th  l a v a ,  b u t  w i t h  d u s t ) .  However, he  made 
no a t t empt  t o  p r e d i c t  the  th i ckness  of  t h i s  rubble ,  nor  i t s  
p r o p e r t i e s .  
I n  f ac t ,  Baldwin d i s a g r e e s  ve ry  s t r o n g l y  w i t h  Gold ' s  
concepts :  (1) Gold has s t a t e d  t h a t  t h e  marias  are dark be- 
cause  t h e  eroded rock ( d u s t )  i s  da rke r .  Baldwin asks:  I f  a 
r a y  crater  i s  produced on $he dark m a t e r i a l  and t h e  dark  
material  i s  composed of d u s t ,  why are t h e  r a y s  l i g h t e r  t han  
t h e  d u s t ?  C e r t a i n  d a t a  sugges t  t h a t  d u s t  e x i s t s  i n  t h e  
h ighlands-  why are they  b r i g h t  i n s t e a d  dark? ( 2 )  Gold has 
used e l e c t r o s t a t i c  t r a n s p o r t  t o  e x p l a i n  how d u s t  has  flowed 
i n t o  t h e  maria  from t h e  h ighlands ,  Baldwin argues  t h a t  a new 
con tour  map of the moon i n d i c a t e s  t h a t  a t  l e a s t  h a l f  t h e  
b r i g h t  upland area d r a i n s  n o t  toward t h e  maria, b u t  toward t h e  
l i m b ,  and y e t  t h e  l i m b  i s  n o t  dark ,  Furthermore,  t h e  g r e a t  
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rill systems (which Baldwin takes to be evidence of surface 
tension due to cooling and collapse of marial lava; Gold 
neglects them),in general, mark the edges of the maria. 
How would the migrating dust cross these great trenches 
without filling them in? ( 3 )  Finally, Gold's source of marial 
dust is the eroded ruins of old craters. Baldwin considers 
that Gold has greatly over-estimated the amount of dust in- 
volved; and, in fact, isostatic adjustment is a much more 
reasonable explanation for the smoothing out of the features. 
Baldwin and Gold are at two different extremes concern- 
ing the nature of the lunar surface. The correct model pro- 
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APPENDIX B 
SOLUTIONS TO SOIL MECHANICS PROBLEMS 
In soil engineering, we usually consider three broad 
areas of problems: stability, deformation, and fluid flow. 
It is expected that fluid flow through soils will play a 
small role in tne early phases zf l u n a r  exploration and has 
thus been neglected in this report. 
will become important in such activities such as waste dis- 
posal, fluid storage, etc. Even then, few new developments 
will be required as the theory governing fluid flow in 
porous media is far advanced. Determination of k, the per- 
meability constant, will have to be according to standard 
laboratory techniques, as the available field methods are 
not readily adaptable to the lunar environment. 
In the later stages, it 
The areas of stability and deformation, although classi- 
cally considered as two separate problems, may actually be 
considered together. In the past, deformations could be 
computed only so long as all of the stresses in the soil 
mass remained in the elastic range; i.e., there were no 
zones of plastic failure. At the other extreme, solutions 
for ultimate load were obtainable for cases of continuous 
plastic failure. But the load-deformation relationship be- 
tween no failure and total failure could not be computed. 
Today, this gap is being closed and thus, we can now consider 
strength and deformation as parts of the same problem. 
Soil is a particulate material, as opposed to a continuum. 
Because of its particulate nature it possesses frictional 
strength as well as cohesive strength. (Steel, concrete, wood, 
etc., are considered to have cohesive strength). This friction 
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t 
plays a very important role and has far-reaching effects on 
our theoretical solutions, as will be discussed below. The 
usual approximation for ultimate shear strength is that 
given by the Mohr-Coulomb envelope (Fig. B-19, where c = 
cohesion, which is a component of strength independent of 
normal stress; and I$ = friction angle, which contributes a 
compment dependent on normal stress. The envelope repre- 
sents the maximum stresses which may be applied to a soil 
element to induce incipient failure. Thus, the element A 
with stresses as shown is just at failure whereas element B 
is not. We would say that A is in a plastic state and B is 
in an elastic state (by elastic, we do not mean the strict 
definition that requires that all strains be recoverable; 
we mean only that it is not plastic). 
Another convenient representation of ultimate soil shear 
strength is the p-q envelope (Fig. B-21, where a is the cohe- 
sion and ~1 is the friction angle, given by the relationships 
shown in Figure B-2. The Mohr-Coulomb envelope was constructed 
by drawing a line tangent to the ?.I=hr's c i r c l e  of stresses for 
elements at failure (such as A ) ,  while the p-q envelope was 
constructed by drawing a line through the tops of these circles. 
The two envelopes are geometrically related. It is only for 
convenience that we use one or the other envelope for a partic- 
ular problem. 
or on the envelope in the p-q diagram. For soil deposits which 
have been created by in situ weathering of rock, the stresses 
can be most anywhere in the region bounded by the envelope. 
For many of these deposits, the horizontal stress is greater 
than the vertical stress (element C, Fig. B-29. This occurs, 
for example, in dense sands or overconsolidated clays which 
The in situ stresses for any soil element must lie below 
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have carried larger stresses in the past than the present 
overburden stress. 
For soil deposits which have been created by transport 
and deposition of particles, the horizontal stress is given 
by uh=KOuV, where KO is the coefficient of lateral earth 
pressure at rest. This deposition is one-dimentional and 
ir ,vcl~es compression of the soil without lateral strain. 
For normally consolidated soils (soils which are experiencing 
the greatest stress ever imposed right now), KO is usually 
fairly constant and can be measured or approximated by KO = 1 
-sin 0. The ''KO -line" is shown in Figure B - 2 ;  element B is 
seen to lie on this line. For overconsolidated soils (soils 
which have experienced a greater stress in the past (Tm) than 
now (uvc) - usually caused by removal of over burden or 
desiccation), KO is a function of the overconsolidation ratio 
(OCR) , defined as Tm/avc. 
as a stress path from its in situ stresses to its final 
stresses; as it does so, it. defomLs due  tc! shear and compres- 
sion. Figure B - 3  illustrates possible shear paths and Figure 
B-4 shows examples of stress-strain curves, 
- 
A s  an element of soil is stressed, it follows what is known * 
The solution of a strength-deformation problem, then, 
involves the following: (1) selection of representative 
elements in the soil mass for analysis; ( 2 )  determination of 
in situ stresses; ( 3 )  determination of stress path and final 
stress state; (4) sampling of representative soil samples; 
* 
Lambe, T.W., "The Stress Path Method," paper to be published 
in Journal Soil Mechanics and Foundations Division, ASCE, in 
January 19 6 8.  
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(5) imposing the shear pa th  on t h e  samples and measuring t h e  
s t r a i n ;  (6) i n t e r g a t i n g  t h e  s t r a i n s  t o  determine t h e  deforma- 
t i o n s .  As long as no element i n  t h e  s o i l  f a i l s ,  i .e . ,  
reaches t h e  p-q envelope,  accu ra t e  estimates of s t r a i n  can be 
made. But as soon as a p l a s t i c  zone is created, w e  have 
problems. Unfor tuna te ly ,  p r a c t i c a l l y  every  s i t u a t i o n  o f  
i r i t e r e s t  w i l l  i nvo lve  some p l a s t i c  flow. This  i nc ludes :  
bea r ing  capac i ty - se t t l emen t  ( i f  factor  of s a f e t y  i s  less than  
two t o  t h r e e ,  zones o f  p l a s t i c  f l o w  w i l l  deve lop ) ;  m o b i l i t y ;  
and s l o p e  s t a b i l i t y .  
The reason  f o r  t h e  d i f f i c u l t y  is t h a t  it has been impossi- 
b l e  so f a r  t o  adequate ly  d e f i n e  a y i e l d  f u n c t i o n  f o r  a f r i c -  
t i o n a l  material. This  i s  a fundamental gap i n  ou r  knowledge 
and makes t he  t h e o r e t i c a l  a n a l y s i s  of s o i l  f a r  more d i f f i c u l t  
t han  t h a t  of  s teel  o r  concrete, For 0 = 0 (pu re ly  cohesive 
mater ia ls) ,  there are many s o l u t i o n s  t o  s t a b i l i t y  problems 
based on t h e  theory  of p l a s t i c i t y .  For p o s i t i v e  va lues  of $ ,  
c losed  theore t ica l  s o l u t i o n s  a r e  on ly  a v a i l a b l e  f o r  w e i g h t l e s s  
s o i l s .  Thus, even f o r  t h e  case 05 aii ideal s o i l  w h i c h  has a 
s t r e s s - s t r a i n  curve  as shown i n  F igu re  B - 5 ,  and has  $, c,  and y 
greater than  0 ,  t h e r e  is  no r igo rous  c l o s e d  s o l u t i o n  f o r  bear- 
i n g  c a p a c i t y ,  m o b i l i t y ,  s l o p e  s t a b i l i t y ,  etc.  Furthermore,  
rea l  s o i l  i s  fa r  from i d e a l .  The s t r e s s - s t r a i n  c h a r a c t e r i s t i c s  
are dependent on: i n  s i t u  stresses; stress h i s t o r y  before 
ach iev ing  t h e  i n  s i t u  stresses; stress pa th  dur ing  loading;  
l oad ing  ra te ,  e tc .  Also, t h e  Mohr-Coulomb envelope i s  
a c t u a l l y  curved f o r  most s o i l s ,  n o t  a s t r a i g h t  l i n e .  Added 
t o  t h i s  i s  t h e  h o r i z o n t a l  and v e r t i c a l  he t e rogene i ty  of  s o i l s  
t h a t  occu r s  even i n  so -ca l l ed  homogeneous d e p o s i t s .  
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I .  
I 
I . 
Finally, in many cases we are not even sure what the 
stress path is. Not that this has prevented engineers from 
developing methods of prediction in which they can have con- 
fidence. On the contrary, they have done quite well, consider- 
ing. But it should be emphasized that much of this confidence 
is due to experience with the methods. Most of these methods 
are based on correlations which have been painstakingly de- 
veloped. To use many of these methods on the moon may be a 
gross over-simplification. 
Several tables have been prepared to summarize the role 
of soil mechanics in the lunar exploration program. Table 
B-1 presents the various situations on the moon that will 
involve soil mechanics and the solutions that are required. 
Table B-2 presents the analytical solutions which are now 
available. Table B-3 indicates how the various parameters 
are evaluated in terrestrial soil mechanics. As discussed 
in the main report, it is the determination of these para- 
meters which will require the most effort; the theory is 
s u f f i c i e n t l y  developed f o r  most applications. Many of the 
methods in Table B-3 will be inapplicable in the lunar en- 
vironment; and conversely, methods which would not be con- 
sidered on earth may offer the best solution on the moon. A 
primary function of the NASA Department of Soil Mechanics 
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2( - U n i t  weight 
8=  Weight/Volume 
iy,= U n i t  wt.of water 
< - C o e f f i c i e n t  of  
l a te ra l  ear th  
p r e s s u r e  a t  res t  
f i  -Poisson’s  R a t i o  
/cc = €/& 
E- Young’s Modulus 
TABLE B - 3  
Required Parameters 
Test 
(1) Undisturbed samples 
(a) Clays 
(b) Sands above 
water t a b l e  
(c) Sands below 
water t a b l e  
(2) 8 = G t S e  
/ + e  ZLd 
(1) Oedometer 
(2) K 0 2 f - S m Z  
Exper ixen ta l ly  
observed f o r  sands 
and NC c l a y s  
T h e o r e t i c a l l y  
der ived  fur  satids 
and NC c l a y s  
(3) KO =(I+ 3 s m 5 )  t i  ?k= - P 
2, 
(1) T r i a x i a l  Shear:  
Drained 
:2) Undrained 
S t a t i c  
:1) T r i a x i a l  Shear 
Comments 
Thin w a l l  tubes  pushed 
i n t o  s o i l  ; c a p i l l a r i t y  
permi ts  sampling;  
i n j e c t i o n s ;  f r e e z i n g  
of pore water 
(very c omp I ica t ed) 
Only i f  G ( s p e c i f i c  
~ p a v i t y )  S (degree of 
s a t u r a t i o n ) ,  and e 
(void r a t i o )  are  known. 
Measured wi th  
t r ansduce r  (best) 
8 a t  m a x i m u m  o b l i q u i t y  
Only NC 
/to%. 9( / -5h 2) 
2nly NC 
Theory of E l a s t i c i t y  
Not c o n s t a n t  w i th  
s t r a i n  (many o t h e r  
f a c t o r s - s e e  E) 
Water incompressible  : 
/a= 1 / 2  
E i s  a very complex 
func t ion  o f :  
Stress  l e v e l  (s t ra in)  
OCR 
























TABLE B - 3  (CQnt.) 
E- Young's Modulus 
(cont. 1 
Cc- Compression Index 
e,,- I n i t i a l  Void R a t i o  
e,- C o e f f i c i e n t  o f  
secondary  conso l ida t io r  
C,'A/j/t+ A h #  $. 
C, - C o e f f i c i e n t  of 
c o n s o l i d a t i o n  
(2) Oedmeter  
(3) I s o t r o p i c  
Cons o l  i d a t  ion  
QL-laUlfC 
(5) I n  s i t u  s h e a r  w a v e  
v e l o c i t y  
( 6 )  P l a t e  b e a r i n g ;  
s m a l l  v i b r a t o r s  
(7) Subgrade modulus 
(1) Oedmeter  
(Z$ ' b i a x i a l  
(1) Back-figured from rf 
(2) Gas-expansion 
methDd 
(1) Oedmeter  
(1) Oedmeter  
(2) T r i a x - i a l  
-82-  
S t r a i n  ra te  
Aging  
Thixot ropy  
S t r e s s  System 
S t r e s s  H i s t o r y  
Dens i ty  
D i f f i c u l t y  i s  t o  f i n d  
C and S, (undrained 
s t r e n g t h )  
D i f f i c u l t y  
Defined on ly  i n  
e x t r a p o l a t i n g  
terms of s o i l  t ype  
S ta.nda.rd 
~~ 
Always t o o  low: 
n e g l e c t  h o r i z o n t a l  
d r a i n a g e ,  sand seams, 
e t c .  
TABLE B-3 (cont . )  
Parameter 
4 -  F r i c t i o n  Angle 
and 
c-  Cohesion I n t e r c e p t  
~- 
&- Undrained Shear  
S t r e n g t h  
&,Ne, + - Bearing Capac i ty  
F a c t o r s  (Terzaghf) 
h - Damping R a t i o  
r\ 
Test 
(1) T r i a x i a l  
(2) Dfrect shear 
(3) Simple shear 
( 4 )  Tors iona l  s h e a r  
(5) C y l i n d r i s a l  s h e a r  
( 6 )  Bask-f igure from 
i n  situ t e s t s  
(Bearing c a p a c i t y )  
(1) Vane s h e a r  
(2) Unccmfined 
(3) Undraized t r i a x i a l  
( 4 )  Undrained d i r e c t  
shea r  
(5) FJ'Qdrained s imple  
shear 
(6) Undraiaed t o r s i o n a l  
shea r  
( 7 )  Undrained 
c y l i n d r i c a l  s h e a r  
C ompre s s i o n  
T h e o r e t i c a l  Funct ions  
of m l y  a 
(1) HaLfspaxe Theory 
.b5 
G9 b= 
(31 Dynamic T r i a x i a l  
- 8 3 -  
Comments 
@ and C are  in f luenced  
by a l l  t h e  f a c t o r s  
which a f fec t  E .  
D i f f i c u l t  t o  i n t e r c e p t  
d a t a  
Takes t h e  p l a c e  of C 
i n  a n  undrained s t a b i l i t y  
a n a l y s i s  (bearing, s l o p e ,  
m o b i l i t y ,  e t c . ) ;  
Q i s  set-  0 
S,is in f luenced  by a l l  
t h e  f a c t o r s  which a f f e c t  
E .  
Two s o l u t i o n s  f o r  
l a c a l  s h e a r  and g e n e r a l  
s h e a r  



















C, vl - Constants defining 
frequency dis- 




Measured in f i e l d  
TABLE B - 3  (cont.) 




stability)- I (2) Elastic response 
k ,> l z -  Stress-strain 
parameters 
(Mobility) 
Measured in situ 
- Deformation 
par ame t er s 
(Mob i 1 it y ) 
I Measured in situ hc I kq 
- 8 4 -  
NQ rational method to 




Y2q7 types of Profilo- 
Photography and radar 
meters 
Empirical correlations 






- 2  
-85 -  
3-7 -+Typical S t r e s s  'Pa ths  
.ne 
(Is0 t r o p i c  Compress ion)  8 10 1 2  14 






0 2 4 6 8 
-Axial S t r a i n - %  
P =  Gv+= 4Y 2














I d e a l  E l a s t i c - P l a s t i c  S o i l  
For  9, c ,  8 7 0  
0 1 2  3 4 5 6 7 8 9 10 
E -Axial S t r a i n - %  
Elas t ic  Parameters :  
E :  Yaung's Modulus 
/cc: P o i s s o n ' s  R a t i o  
A4 






% 1  
d 
0 
0 1 2 3 4 5 6  
c? -Axial S t r a i n - %  
- 8 7 -  
FIG. B-5 
APPENDIX C 
EXAMPLES OF SOIL MECHANICS SOLUTIONS 
1 Examples taken from Soil Mechanics, by T. William Lambe and 
I R.V. Whitman, John Wiley, New York, 1966 Preliminary Edition I 
-88- 
Bearing Capacity 
qult = 1 y BNy + CNc 
2 
N Y  c N Functions of NC 4: 
-89- 

















rd 40 a 
a u. 30 
I 





(From Peck, Hansen I @  1 6 0 2 2  
and Thornburn, 19531 7 0 5  
vzcr 
28 32 36 40 44 46 
Angle of internal friction,@,degrees 
Fig. 1 BEARING CAPCITY FACTORS WHICH AUTOMATICALLY 
INCORPORATE ALLOWANCE FOR LOCAL SHEAR FAILURE 
-90- 
EXAMPLE 1 - Footing on Ground Sur face  
Given: Foot ing as shown  
Find: Q u l t  
Solu t ion :  
-
1 + s i n  @ = N =  4 1 - s i n  @ 
i n r  
@ = 30"  
L U  
y =  1 2 0  pcf 
N = r  [ 1 5 . 6 0 - 1 . 7 3  ] = 6.94 
Y 2  
2 N = 3  = 9  
q 
- = ( A q s ) u  = ( 1 2 0 )  (10) (6.94) = 4 1 6 0  psf  
B 2 
Q u l t  = 4 1 , 6 0 0  lbs .  pe r  foo t  of wail 
EXAMPLE 2 - S h a l l o w  B u r i e d  Footing 
Given: Foot ing as  shown  
Find: Q u l t  
S o l u t i o n  : 
-
- -  - ( A s , ) ,  = 4 1 6 0  + ( 1 2 0 )  ( 4 )  ( 9 )  
B 
= 4 1 6 0  + 4320  = 8 4 8 0  ps f  
Q u l t  = 8 4 , 8 0 0  l b s .  per f o o t  of w a l l .  
-91- 
.I 4 '  1 0 '  
c$ = 30"  
y =  1 2 0  pcf 
EXAMPLE 3 - Shallow Buried Footing 
Given: A wall which is 7 ft. wide at the base, and which 
rests 3 ft. below the surface of a sand with C$ = 35' 
and y = 110 pcf. 
Find: Bearing capacity. 
So1ution:From Fig. 1 we find: 
-
N = 35 N = 34 Y q 
Hence: (Aq ) B = - (110) (7)* (35) + (110) (7) (34) = s b  2 
94,000 + 78,000 















EXAMPLE 4 - Pla t e  Bearing T e s t  
Given : A p l a t e  bea r ing  tes t  shows a bea r ing  c a p a c i t y  f a i l u r e  
a t  a bea r ing  stress of 3 . 6  t o n s / f t  2 . The p l a t e  i s  
1 f t  square  and b e a r s  3 f t  below t h e  ground s u r f a c e .  
The u n i t  weight of the s o i l  i s  e s t ima ted  a t  1 0 0  p c f .  
Find: Bearing c a p a c i t y  f o r  a f o o t i n g  6 f t  square ,  t o  be -
founded 3 f t  below ground su r face .  
Solu t ion :  T h e  f i r s t  s t e p  i s  t o  f i n d  a va lue  of 4 which w i l l  
s a t i s f y  Em. (1) : 
9 
2000  ( 3 . 6 )  psf  = ( 1 0 0 )  (1) N + 3 (100) N 
2 Y 
A f t e r  several t r i a l s ,  it is found t h a t  @ = 33O, 
g i v i n g  N = 18  and N = 2 1 ,  sa t isf ies  t h e  equat ion .  
Now t h e s e  va lues  of N and N can be applied to t h e  
Y q 
a c t u a l  foo t ing :  
Y q 
= 1 1 , 9 0 0  psf o r  5 . 8 5  tsf 
-93- 
SETTLEMENT 
I I 1 P S  
I 
- 9 4 -  
EXAMPLE 1 - Tank on E l a s t i c  s o i l  
2 Given: A tank  loading  wi th  D = 153 L f t  and Aqs = 5.5 k i p / f t  . 
E = 2000  k i p s / f t  and p = 0.45.  
+ 
2 
Find: The s e t t l e m e n t  a t  t h e  c e n t e r  of t h e  t ank  f o r  t h e  
c o n d i t i o n  of  homogeneous, i s o t r o p i c  s o i l  of  i n f i n i t e  
depth.  
So lu t ion :  
2 
D -  153 L, f t  
2 
Aqs = 5,50 k f p s / f t  
1 - 
R = - -  
P =  2 (2 2000 k i p s / f t  




















Settlement may be estimated by multiplying an average 
strain times the depth of the bulb of stresses. The 
following tabulation shows several ways in which this 
might be done. 
Assumed Depth Settlement 
of Bulb Average Strain (inches) 
3R = 230 feet Use strain at depth of 3.0 
3R/2: = 0.00106 
4R = 306 feet Use strain at depth of 2.8 
2R: = 0.00076 
The first method, using a bulb of depth 3R, gives an 
eTtizate close to the actual result of 4 inches. 
-96-  
EXAMPLE 2 - Tank on Sand 
Given: A 48 f t  h igh  tank  i s  b u i l t  on an i n f i n i t e  d e p o s i t  
of  sand with: 
y = 1 2 9  pcf ;  1-1 = 0.45. 
Find: The s e t t l e m e n t  of  t h e  c e n t e r  of  t h e  tank  when f i l l e d  
w i t h  water f o r  t h e  fol lowing condi t ions :  
2 
2 
1. D = 1 0 0  f t ;  E cons t an t  and equa l s  4 , 0 0 0  k i p s / f t  
2. D = 200 f t ;  E cons t an t  and equa l s  7 , 0 0 0  k i p s / f t  
3 .  D = 1 0 0  f t ;  E varies as  ovo and equa l  t o  
4. D = 200  f t ;  E varies as ov0 and e q u a l s  
5. D = 1 0 0  f t ;  E v a r i e s  as  J ovo and e q u a l s  
6.  D = 200  f t ;  E v a r i e s  as d ov0 and eqiials 
4 , 0 0 0  k i p s / f t 2  a t  d = 75  f t .  
4 , 0 0 0  k i p s / f t 2  a t  d = 75 f t .  
4 ,000  k i p s / f t 2  a t  d = 75 f t .  
4 , 0 0 0  k i p s / f t 2  a t  d = 75 f t .  
-
-
S o l u t i o n  : 
2 Aqs = 48' x 6 2 . 4  lb/cu f t  = 3.0 k i p s / f t  
1. p = 3.0  k i p s / f t 2  x 50 f t  = 0 .60  f t  
4 0 00 k ips / f  t2 
















EXAMPLE 2 (contd) 
3 .  Since E varies as cr and ov0 varies as depth, vo 
E varies as depth. Take "average point" at 
depth = D. E3D 
l- p for case 3 same as for case 1, i.e., p = 0.60 ft. 
3 = 4,000 kipsjft 2 
= E75 
( 3 . 0 )  (100) (1,6 = 0.60 fte 4 .  p = 
2 x 4,000 
-98- 
BEARING CAPACITY - SETTLEMENT 
-99- 
EXAMPLE 1 - Footing on Sand 
9 
Given : A round, r i g i d  f o o t i n g  r e s t i n g  on sand with: @ = 341  
2 
y =  1 0 0  1b/cu f t ,  p = 0.45 
Find: Re la t ionsh ip  among D (vary ing  from 1 ft t o  10 ft), -
p and (AqsIb f o r :  
2 1. E = 200 k i p s / f t  
2. E = 200  k i p s / f t 2  a t  depth 1 0  f t  and vary ing  a s  ov0 
3. E = 200  k i p s / f t 2  a t  depth  1 0  f t  and vary ing  a s  < 
Solu t ion :  Bearing Capacity:  (AqSlb = (0 .6) '  y D N y  + @Nq 
from Fig.  1, % =  30 
(AqsIb = (0 .6)  
2 
2 (1) (100) D (30) = 0 . 9  D i n  k i p s / f t  
2 
lT 2 1 T  - (1 - 0.45) 
2 
=(y)  ( . 7 9 7 ) =  1.25 
C a s e  1: p = Aqs R - 1*25 - AqsR(6.25 x 
20 0 
( 4 . 1 7  x 1.25 C a s e  2: p = Aqs R = &Is 
( 2 0 0 )  (3R) - -
lo 2 
fi ( 1 . 6 2  x 1.25 200  ,-- 
m ' 2  







D = 10 f t  D = 5 f t  
4.5 kips/ft2 9.0 kips/ft2 
.0938 ft 
p f o r  Aqs = 1' .0235 f t  .0469 ft 
Case I: p f o r  bqs  = 3 - 
2 
.125 ft 
.063 ft .063 ft 
. l o 9  ft 
Case 2: p f o r  Aqs = 3 - 
p f o r  Aqs = 1' 
2 
Case 3: p f o r  Aq = 3 - 
S 



















0 2 4 6 8 10 
Footing Diameter in Feet 
Bearing Stress in ----_ h m 2  Kira/ r L 
5 10 
‘ 1  
(&Is) b 
a. Constant E 
Bearing Stress in Bearing Stress in 
















FIGURE 1 COULOMB EQUATION FOR SLOPING BACKFILL 
AND WALL FRICTION 
0.36 
0.30 




0 .20  
0.15 
0.10 
I -30 "  
0 . 4 1  
0 .33  
0 .27  
0 . 2 1  
0.38 
0.29 
0 .22  
0 .16  
0 . 1 1  






0 .26  
0 .22  
0.18 
0.27 





















1 .17  f3'=f3-90° 
0.92 
0.75 





0 .24  
0.16 
FIGURE 2 COEFFICIENT OF ACTIVE STRESS AS FUNCTION OF 
INCLINATION OF WALL AND BACKFILL 
-104-  
EXAMPLE 1 
Given: R e t  a A ~i ng w a  an 
b a c k f i l l  as shown. 
Find : Moment of ac t ive  thrzst -
about p o i n t  A 
S o l u t i o n  us inu  Fiu. 1 
i = 1 2 '  
B = 110' 
csc 1 1 0 '  s i n  
J s i n  1 4 0 °  = 
80' = 
0 . 8 0 3  
s i n  80'  
s i n  70' 
= 1 . 0 4  
20' 
0 .990  s i n  98' 
'*04 '  I *  = 2 2 , 0 0 0 ( 0 . 5 2 8 ) =  1 1 , 6 0 0  l b / f t  2 Pa = 
2 (110) ( 2 0 )  l 0 . 8 0 3  + 0 . 6 1 4  
H o r i z o n t a l  component of P a  
= Pa cos 50' = 7 4 5 0  l b / f t  
P a  ac t s  1 /3  of way up w a l l ,  o r  a t  
v e r t i c a l  distance of 6 . 6 7  f t  above 
base. 
* 
O r  b u r i e d  ins t rument .  
-105- 
Approximate solution using Fig. 2 
Use Ka for +w =0, but incline Pa at +w =30° to normal 
to wall. 
Ka = 0.59 instead of 0.528 above, so that moment is over- 
estimated by 12%. 
EXAMPLE 2 - Buried Anchor Plate 
-7 
- 1  -  y BNy + cNc + d y N (Bearing Capacity Equation) 
A P quit 2 9 
-106- 
EXAMPLE 3 - Braced Cut  i n  Sand (Peck  R u l e )  
.2H= 











Find: Design s t r u t  l o a d s  








@w - From Fig .  1: K a  = 0.272 ( B  =goo; O 0  
ck liule! 
Maximum stress is: (0.272) ( 1 1 0 )  (26) (0.8) = 622 
PSf 
-L (622) (5.2)=1618 l b s / f t  
2 
Pi (6)=1618 (4.53)+ (1741) (1.40) 
=7320+2440=9760 lbs .  
P i  = 1628 l b s / f t  
___c B = 1741+1618 -1628=1731 l b s / f t  B 
C 71 1:6(6221=3730 l b s / f t  
D C=D =1865 l b s / f t  
P5(6)=498(0.4) + (1618) (3.53) 
=200 + 4090 = 4290 l b s  (0.8) (622)=498 l b s / f t  
P5 = 715 l b s / f t  
E = 1618 +498 - 715= 1401 l b s / f t  





P1 = 1628 l b s / f t .  
= 1731 + 1865 = 3596 l b s / f t .  p2 
= 2 (1865) = 3730 l b s / f t .  
= 1865 + 1401 = 3266 l b s / f t .  
p3 
P4 
P5 = 715 l b s / f t .  
I f  s t r u t s  are l o c a t e d  a t  6 f o o t  i n t e r v a l s  a long  w a l l ,  t hen  
des ign  s t r u t  l oads  are: t 
P1 = 9800 l b s  
P2 = 21600 l b s  
= 22400 l b s  p3 
P4 = 19600 lbs 
P5 = 4300 l b s  
S t r u t s  should  be des igned  f o r  a s a f e t y  f a c t o r  a p p r o p r i a t e  f o r  





EXAMPLE 1 - Infinite Slope  
FOR C=O, 
01 f o r  i < $ max -+ HC - 
-110- 
* 





1. Assume trial failure surface 
2. Divide failure mass into slices 
3. Analyze stresses on each slice 
4. Determine F for given surface 
5. Repeat until minimum F is found 
-111- 




= u AX sec a 
A X  
M 
1 
T = - (C + 7 tan T )  F 
To find 0, C V = 0 
1 
F 
Wi - - (c + a tan 8) AX tan a-(a) AX=O 
"i 
1 -  
Wi F 
AX (1 + 
- - c AX tan a - 
u =  
tan T tan a i  . .  
F 
a F =  
C Wi sin a 
cos a = (1 + tan a tan 8 where Ma 
F 
EXAMPLE 2 (cont) Equation for safety factor according to 
simplified Bishop Method 
-112- 
I 
I 
